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Cattle are the main economic livestock throughout the world. In most developing 
countries, livestock, especially cattle remain as an important means of livelihood. Often the 
number of livestock is quite high but food from animal origin remains deficit. For example, 
Bangladesh possesses  more than 25 million cattle and buffaloes but the country imports over 
20% of the total amount of milk and equivalents consumed from elsewhere (FAO, 2005). 
Nevertheless, milk consumption is one of the lowest in the region (Shamsuddin and Rahman, 
2009). In most tropical countries, the growth in the dairy industry remained modest over a 
decade. The limited growth in dairy industry is certainly due to poor genetics of the cattle. 
Artificial insemination (AI) has been practiced as a breeding tool to improve genetics of 
adopted indigenous cattle in the tropics by using semen of Holstein and Jersey bulls from 
temperate countries since 1950s but the success remained far beyond stakeholders’ 
expectations. For example, in Bangladesh, over the last 41 years the AI coverage has 
increased to 40%, but the conception rate remained between 47.3% and 53.7% (Shamsuddin, 
2011; Siddiqui et al., 2012). Although no published data are available yet, heat stress is 
considered to be one of the most important factors for lower conception rate in cattle in 
Bangladesh like in many other tropical countries (Fig. 1). 
 
  
 
Fig. 1. Conception rate of cows/heifers (Bos indicus and Bos indicus × Bos taurus) inseminated in 
different quarters of the year (January-March, April-June, July-September, October-December) in 
Bangladesh. a,b Values with different superscript letters differ significantly (P < 0.05) (adapted from 
Siddiqui, 2008a with permission). 
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In this regard, it is believed that heat stress may have adverse effects on bovine semen 
quality which may ultimately reduce the field fertility after AI in Bangladesh. In summer 
season, semen quality has frequently been reported to decline in cattle in temperate climate as 
well (Mathevon et al., 1998; Balic et al., 2012). Summer heat stress is a big concern for the 
double-muscled Belgian Blue bulls due to their extreme muscularity combined with small 
scrota and hence a small scrotal skin surface area for heat transduction (Hoflack et al., 2006).    
Little is known yet on the molecular mechanism(s) and/or the key signaling pathway 
of heat stress effects on bull spermatozoa. Bulls however represent a useful animal model 
because the specific anatomy of the scrotum allows to insulate it, thereby artificially 
increasing testicular temperature with concurrent effects on sperm quality (in vivo model). On 
the other hand, direct exposure of ejaculated bull spermatozoa to heat stress or oxidative stress 
can be used to assess subsequent in vitro fertilization  and embryo development potential (in 
vitro model). In this literature review, we will first focus on what is already known about 
testicular development and descent, scrotal/testicular thermoregulation, and next we will 
review the factors affecting semen quality, the possible effects of high ambient temperature, 
induced testicular temperature (scrotal insulation) on semen quality along with oxidative 
stress and role of oocyte quality in such stresses. 
 
Testicular development and descent 
Early in fetal life, the gonadal ridge (future testis) is formed on the ventromedial 
surface of the mesonephros, folded into the peritoneum near to the diaphragm and the inguinal 
area. The gonadal ridge is connected on one hand by a cranial suspensory ligament to the 
dorsal abdominal cavity and on the other hand by gubernaculum to the inguinal area. The 
gubernaculum is a ligament that originates from the mesenchymal cells located among the 
muscle fibers of the abdominal wall, under the mesonephric duct with which it fuses and 
connects to the testis (Wensing and Colenbrander, 1986). Early in embryogenesis, the 
primordial germ cells (PGCs) migrate from the hind gut to the gonadal ridge. Afterwards, the 
mesenchymal cells probably from the neighboring coelomic epithelium, migrate into the 
developing gonad, proliferate, and surround the PGCs and finally differentiate into fetal 
Sertoli cells and secrete the anti-Müllerian hormones (AMH). Anti-Müllerian hormone 
induces demise of the paramesonephric (Müllerian) duct (Josso 1986; Lee and Donahoe, 
1993). Soon after formation of fetal Sertoli cells, other cells of the mesonephros stimulate to 
quickly proliferate of these fetal Sertoli cells, which make nests of the fetal Sertoli cells along 
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with PGCs into seminiferous cords and unite with fetal Sertoli cells to produce a basal lamina 
(Sharpe, 2006). They apparently give rise to the peritubular myoid cells of the adult 
seminiferous tubule. Concurrently, mesenchymal cells migrate into spaces among the 
seminiferous cords and differentiate into fetal Leydig cells. The interval between entrance of 
PGCs into the indifferent gonad through formation of seminiferous cords requires around 7 
days, and differentiation of the gonad to a functional testis is completed by less than 14 days. 
Although further growth and refinement of various specific functions occur later, the 
differentiation of a gonad into a testis capable to produce hormones and growth factors is 
completed at approximately day 42 of gestation in the bull. Within 2–3 days after arrival, fetal 
Leydig cells attain a maximum production of testosterone, and probably also of insulin-like 
peptide 3 (Insl3). As the testis continues to differentiate and grow, adult Leydig cells continue 
to produce Insl3 and testosterone (reviewed in Amann and Veeramachaneni, 2007). 
The epididymis and deferent ducts are formed from the mesonephric duct; the 
mesonephros subsequently degenerates and the metanephros further develops into the kidney. 
As a consequence of the continuous gubernacular development, evagination of the peritoneum 
starts to form a vaginal process at day 50 of gestation and gradually the testis locates at the 
entrance of the inguinal canal with the cauda epididymis by day 96 of gestation (Fig. 2A). The 
transinguinal testis migration is started by expansion of the gubernaculum bulb which 
facilitates dilation of the inguinal canal and at day 105 of gestation the testis passes through 
the external inguinal ring. The inguinoscrotal migration involves continuous growth of the 
gubernaculum bulb which allows the testis to migrate to the neck of the scrotum at day 120 
and to its final destination (scrotum; Fig. 2B) at day 130 of gestation (reviewed in Amann and 
Veeramachaneni, 2007). The inguinoscrotal migration is additionally dependent on the proper 
directional growth of the genitofemoral nerve. Together with the intra-abdominal pressure, a 
large number of genes and gene products are involved in the regulation of the testis descent 
(reviewed in Klonisch et al., 2004). Over time, the gubernaculum regresses and a remnant of 
the gubernacular cord attaches the cauda epididymis to the testis.  
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Fig. 2A. Abdominal translocation of the testis in the early development in bull. The gubernaculum 
grows out from the abdominal wall, and the vaginal process is formed by invasion of the peritoneal 
lining (adapted from Senger, 2003a).   
 
 
 
 
Fig. 2B. Testicular descent in scrotum in bull (adapted from Hafez, 2000). 
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Postnatal developmental assembly of the testicular tissue and seminiferous epithelium 
occur over a period of months. In Bos taurus bull calves, testis weight increases from 9 g at 4 
weeks to 180 g at 32 weeks of age (Curtis and Amann, 1981). In Bos indicus bull calves, 
testicular tissue weighs 20 g at 36 weeks and 150 g at 81 weeks of age (Aponte et al., 2005). 
The scrotal shape has a clear influence on further testicular development and function. For a 
normal testicular function, the testes should be freely movable inside the scrotum. A possible 
cause of low fertility in bulls is abnormal testicle and scrotal sac development (Siddiqui et al., 
2008b; Waldner et al., 2010; Silva et al., 2011). Bulls having a normal scrotum with a distinct 
scrotal neck generally have the best fertility (Kastelic et al., 1996). On the other hand, bulls of 
some breeds such as the Belgian Blue typically have a small scrotum without a distinct scrotal 
neck (Hoflack et al., 2006). This anatomical peculiarity possibly increases the susceptibility 
of such beef bulls to heat stress leading to lower field fertility (Cook et al., 1994; Brito et al., 
2004). Moreover, the scrotal circumference has been shown to be a good indicator of 
testicular volume and has a strong association with the sperm output and semen quality 
(Hoflack et al., 2006). Beside the protection of the testes, the scrotal sac has additionally a 
vital role in testicular thermoregulation.   
 
Scrotal and testicular thermoregulation 
Generally in mammals, for normal spermatogenesis the testes require a temperature of 
4°C to 5°C lower than body core temperature (Brito et al., 2004; Ivell, 2007). This is achieved 
in most mammals by the localization of the testes in the scrotum, outside the abdominal 
cavity. In bulls, the scrotal skin is thin, devoid of subcutaneous fat and is fairly hairless. The 
extensive vasculature and lymphatic arrangement of testes with superficial blood vessels of 
the scrotum may facilitate in removing heat from the testes. Smooth muscles in the cutaneous 
arterioles of the scrotum are innervated by sympathetic neurons. Stimulation of these neurons 
by cold causes vasoconstriction; heat causes a vasodilation of these arterioles and is thereby 
decreasing or increasing the blood supply to the scrotum (Setchell, 1978). The scrotal neck is 
the most important part for testicular thermoregulation; a long distinct scrotal neck (pendulous 
scrotum) moves the scrotum away from the abdomen and consequently provides a large area 
for heat loss. Just beneath the scrotal skin there are two important muscles: the tunica dartos 
and the cremaster which play a pivotal role in thermoregulation. The tunica dartos is a thin 
sheet of smooth muscle, which is under tonic control from nerves in the lumbar sympathetic 
system that promptly positions the scrotum towards the abdomen or away from the abdomen 
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in response to cold and warm environments, respectively (Setchell, 1978). Due to the tonic 
character of this muscle, the contractile nature can be sustained for a prolonged period 
especially in cold environment. The function of the cremaster muscle is also to bring the 
testes close to the abdomen upon contraction. However, due to the striated nature of this 
muscle, it cannot sustain contraction for a prolonged period of time. Besides these muscular 
contractions, a major player in cooling the testes is the vascular system. The testicular artery 
is bringing warm blood from the body core to the testes and in all farm animals it is tortuous 
in nature. This tortuous form of artery is intimately entangled by a complex venous network 
called the pampiniform plexus and the entire structure (the venous network and artery) is 
termed the testicular vascular cone (Hees et al., 1984). Due to this characteristic vasculature a 
countercurrent blood circulation system is evident in the testes (Fig. 3). As a result, the 
arterial blood entering the testis is cooled to some extent by the venous blood leaving the 
testis. Moreover, the sweat glands also have an important role in controlling testicular 
temperature since the sweat gland density is higher in the scrotal skin than in other body 
regions in bulls (Blazquez et al., 1988).  
 
 
Fig. 3. Model of counter-current heat transfer between the venous blood in the form of pampiniform 
plexus and the blood of the testicular artery (adapted from Einer-Jensen and Hunter, 2005). 
 
 
 
Chapter 1  9 
 
Testicular surface and internal temperatures gradient 
From the above description it is clear that normal testicular function in mammals is 
related to its specialized cooling mechanism. Maintenance of the testicular temperature 
around 32°C is highly important for normal spermatogenesis (Waites, 1970). In an elaborate 
study, Kastelic et al. (1995) measured the testicular temperature in 16 crossbred beef bulls at 
three different locations: top, middle, and bottom. The average temperatures at these three 
locations were recorded as 30.4°C, 29.8°C and 28.8°C (scrotal surface temperature); 33.3°C, 
33.0°C and 32.9°C (scrotal subcutaneous temperature); and 34.3°C, 34.3°C and 34.5°C 
(intratesticular temperature), respectively. From this study it could be concluded that the top-
to-bottom temperature gradients were 1.6°C, 0.4°C and -0.2°C for the scrotal surface, scrotal 
subcutaneous, and intratesticular temperatures, respectively. Hence, the temperature gradient 
was most pronounced on the scrotal surface, trivial in the scrotal subcutaneous tissues, and 
absent in the testicular parenchyma. In a subsequent study by the same research group, it was 
reported that the scrotal surface and testes have opposite, complementary temperature 
gradients, resulting in a relatively uniform intratesticular temperature (Kastelic et al., 1996). 
However, the significantly higher intratesticular temperature was evidenced only when the 
testis was within the scrotum in comparison with removed testis from scrotum but the scrotal 
surface temperature was similar whether or not there was an underlying testis. This study 
indicates that the scrotum has a significant influence on maintaining the testicular temperature 
but the testes have only little influence on scrotal temperature. This is because both scrotum 
and testes have a characteristic vasculature. The scrotum is vascularized from top to bottom 
whereas the testicular vascularization is opposite; it is vascularized from the bottom to the top. 
The testicular artery (after leaving the ventral aspect of the testicular vascular cone) 
progresses over the length of the testis (under the corpus epididymis), reaches the bottom of 
the testis, and then diverges into multiple branches that spread dorsally and laterally across the 
surface of the testis before entering the testicular parenchyma (Gunn and Gould, 1975). In a 
subsequent study, Kastelic et al. (1997) showed that there was no difference in temperature of 
testicular arterial blood at the top of the testis (below the vascular cone) compared to the 
bottom of the testis, but it was significantly cooler at the point of entry into the testicular 
parenchyma. Taken together, there is compelling evidence to suggest that these opposing 
temperature gradients result in a nearly uniform intratesticular temperature. Furthermore, 
temperatures at the different parts of the epididymis were 35.6°C (caput), 34.6°C (corpus) and 
33.1°C (cauda), respectively, and the gradient between the caput and the cauda averaged to be 
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about 2.5°C (Kastelic et al., 1995). The caput temperature is higher than that of the testicular 
parenchyma at the top of the testis, probably because the caput is so close to the testicular 
vascular cone. However, the cauda, an important site for sperm storage, is slightly cooler than 
the testicular parenchyma. Therefore, from the above discussion it is well established that 
several preset features contribute to the regulation of the testicular temperature. If there is any 
interruption in these preset mechanisms harsh consequences might be ensued on 
spermatogenesis.  
 
Bovine spermatogenesis 
Spermatogenesis is a continuous process of germ cell differentiation and development. 
In bulls, spermatogenesis is accomplished during 3 distinct stages: i) spermatocytogenesis, ii) 
meiosis, and iii) spermiogenesis which take approximately 21, 23 and 17 days, respectively, 
comprising a total of 61 days (Johnson et al., 2000) (Fig. 4). During spermatocytogenesis, 
stem cell spermatogonia divide by mitosis to form spermatogonia. An important part of this 
phase is stem cell renewal. Some spermatogonia revert back to stem cells and the process 
continues from which new spermatogonia can be derived (Hochereau-de Reviers, 1976; 
Hochereau-de Reviers and Courot, 1978). The type A1 spermatogonia divide progressively by 
mitosis to form type A2, type A3 and type A4 spermatogonia (reviewed in Johnson, 1995). 
The type A4 spermatogonia again divide to form intermediate spermatogonia (type Int) and 
then to form type B spermatogonia. All of these divisions take place in the basal compartment 
of seminiferous tubules. The type B spermatogonia again divide by mitosis at least once or 
twice to form primary spermatocytes. During meiosis I, the primary spermatocytes duplicate 
their DNA and undergo progressive nuclear changes of meiotic prophase known as 
preleptotene, leptotene, zygotene, pachytene and diplotene before dividing to form secondary 
spermatocytes (reviewed in Amann, 1983). The secondary spermatocytes undergo a second 
meiotic division to form haploid cells which are referred to as round spermatids. The meiotic 
stages of cell division take place in the adluminal compartment of the seminiferous tubules 
(Wrobel et al., 1995). The further process during which the spermatid develops gradually into 
spermatozoon is called spermiogenesis. The changes which take place during spermiogenesis 
are the condensation of the nuclear chromatin, the formation of the flagellum or sperm tail 
and the development of the acrosomal cap (Clermont and Tang, 1985; Tanii et al., 1992; 
Yoshinaga et al., 2001). This stage also takes place in the adluminal compartment of 
seminiferous tubules. The resulting elongated spermatids further move close to the lumen of 
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the seminiferous tubules. Lastly, the elongated spermatids are released into the lumen of the 
seminiferous tubules while they undergo a further transformation process known as 
spermiation before moving to the epididymis for final maturation and storage (Yoshinaga and 
Toshimori, 2003). Germ cells undergo extensive remodeling during the meiotic and 
spermiogenic stages of development: initially nucleoprotein histones are replaced by non-
histone transition proteins and finally by protamines (Gaucher et al., 2010). Protamines are 
involved in packaging the sperm chromatin in such a way that the paternal genome remains 
functionally inert and protected, and a striking reduction in nuclear volume is achieved 
(Rathke et al., 2007; Ward, 2010; Johnson et al., 2011). 
 
 
Fig. 4. Stages of spermatogenesis in bulls (adapted from Senger, 2003b). 
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Epididymal maturation and storage of spermatozoa 
Once formed within the seminiferous tubules, the immotile spermatozoa are released 
into the seminiferous tubular fluid and transported to the epididymis, where they gain the 
ability to move and fertilize the ova (Yanagimachi, 1994a). The epididymis is generally 
divided into three parts: caput, corpus, and cauda. In bulls, the transit of spermatozoa through 
the epididymis usually takes 8-11 days (Vogler et al., 1991). To attain the fertilizing capacity, 
sperm cells undergo many maturational changes during their transit in the epididymal duct 
(Yanagimachi, 1994a). These include changes in plasma membrane lipids, proteins and 
glycosylation, alterations in the outer acrosomal membrane, gross morphological changes in 
the acrosome, and cross-linking of nuclear protamines, proteins of the outer dense fiber and 
fibrous sheath. The cauda or tail of the epididymis and proximal portion of the vas deferens 
are the regions where spermatozoa are stored before ejaculation (reviewed in Turner, 1995; 
Jones, 1999). During ejaculation, the stored spermatozoa and the surrounding fluid are mixed 
with the alkaline secretions of the male accessory sex glands, and the resulting so-called 
semen is deposited into the vagina/cervix depending on the species. 
 
Sperm capacitation and fertilization 
 Although spermatozoa acquire maturity during epididymal transit, they do not attain 
complete fertilizing capacity. To attain maximum fertilizing capability, spermatozoa must 
travel and reside in the female reproductive tract for a minimum period of time. During their 
stay in the female reproductive tract, spermatozoa undergo some biochemical changes that are 
known as sperm capacitation (reviewed in Flesch and Gadella, 2000; Harrison and Gadella, 
2005). This includes the removal of a large portion of the extracellular coating proteins that 
prevent adhesion (including the decapacitation factors) during the transit of sperm in the 
uterus (reviewed in Suarez, 2007). The fertilization process involves a series of specific 
interactions between sperm and oocyte. Firstly, in the oviduct the motility pattern of 
spermatozoa becomes hyperactive which is considered to facilitate sperm-oocyte interaction. 
Secondly, some specific plasma membrane proteins overlying the acrosome are exposed and 
bind to the zona pellucida of oocyte (van Gestel et al., 2007). Zona binding probably initiates 
acrosome reaction (Yanagimichi, 1994b). The acrosome reaction allows the release of a 
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variety of enzymes mainly acrosin and hyaluronidase that hydrolyze zona proteins (Senn et 
al., 1992; Tsai et al., 2007). Subsequently, the mechanical force generated by the flagellar 
action of the tail pushes the sperm to the perivitelline space of oocyte. Then the sperm comes 
into the direct contact with the oolemma, the plasma membrane of the oocyte. At this 
moment, sperm surface proteins located in the equatorial segment of sperm head are involved 
in adhesion and fusion with the plasma membrane of the oocyte (Vjugina and Evans, 2008). 
Soon after membrane fusion, the sperm nucleus starts to decondense which is needed to 
prepare the paternal chromosomes to pairing up with the maternal chromosomes. The 
decondensation of sperm nucleus starts through reducing disulfide bonds between protamines 
by a primary reducing agent, glutathione (Niwa et al., 1991). After decondensation of sperm 
nuclear material, the paternal and maternal pronuclei will line up to form a zygote (reviewed 
in Gadella, 2008). However, the events of zona binding and sperm penetration are highly 
dependent on the intact plasma membrane, acrosome as well as nuclear material of a 
spermatozoon, i.e. spermatozoon with high fertilizing capacity.  
 
Factors affecting semen quality 
The previous paragraphs have described what is happening in the sire and the dam, 
during spermatogenesis, ejaculation and fertilization. When fertility results are not 
satisfactory, many factors related to the sire, the dam, or the mating process can be the 
underlying cause of the problem, but a major factor can be inferior semen quality. A number 
of factors can affect semen quality in the bulls such as breed, age, environment, management, 
feeding, and physiological condition. A more extended knowledge on the influence of these 
factors is very important for AI industry. It is already known that the age of the bull at semen 
collection affects the volume of the ejaculate, the sperm concentration, and its motility. In 
general, the literature shows that all of these ejaculate characteristics increase with age but are 
decreased in bulls older than 5 years of age (Almquist et al., 1976; Mathevon et al., 1998, 
Brito et al., 2002). Proper sexual preparation of the bull increases the motility of spermatozoa 
and the number of sperm obtained (Foster et al., 1970; Almquist et al., 1973). Therefore, the 
bull handler and the semen collector may influence the amount of motile sperm collected. The 
interval between two collections such as 4 to 7 days for young bulls and 5 days for mature 
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bulls are found to be more optimal for both semen volume and concentrations (Mathevon et 
al., 1998). Apart from feeding, the major contributor to variation in semen quality is the 
environment. Therefore, in the following sections, the effects of the environment such as 
increased temperature are described in greater detail. It is herewith important to notice that 
breed differences exist with regard to susceptibility to heat stress. Tropical breeds, belonging 
to the subspecies Bos indicus, are more resistant to heat stress than Bos taurus, in terms of 
fertility and embryo development (Barros et al., 2006). However, even within Bos taurus, 
there is a difference between breeds, e.g. the Belgian Blue breed being far more sensitive to 
heat stress than the Holstein Friesian. A period of warm weather in the month of August 
accounts for annually recurrent problems with rejection of ejaculates at the AI center for 
Belgian Blue bulls, two months later, in October (Henrotte, personal communication). 
  
Effects of increased testicular temperature on semen quality 
Ambient temperature effects and cattle breeds 
Generally, the testis operates on the edge of hypoxia. Increased testicular temperature 
increases testicular metabolism, with a concomitant higher need for oxygen to sustain the 
aerobic metabolism. However, the testicular blood flow increases very little in response to the 
increased testicular temperature and consequently the testes become more hypoxic (Setchell, 
1978). As a result the changes in sperm quality are clearly depicted by some older studies. 
Casadey et al. (1953) exposed two Bos taurus bulls (Guernsey) to 37°C with 81% relative 
humidity for 12 hours per day for 17 consecutive days. The ejaculates were found to contain 
30 to 40% morphologically abnormal spermatozoa (mostly coiled tails and detached heads) 
with a profound decreased total sperm count, concentration, and motility. In another study, 
Bos taurus (Friesland) and Bos indicus (Afrikaner) bulls were exposed to ambient temperature 
at 40°C with 35 to 45% relative humidity for as little as 12 hours (Skinner and Louw, 1966). 
In this study, although heat stress exposure to bulls was too short, a significant decline in 
motility and percentage of live spermatozoa was observed in both breeds together with a 
significant increase in the percentage of morphologically abnormal spermatozoa. Moreover, 
Bos taurus bulls were found more susceptible to heat stress in comparison with Bos indicus 
bulls. Likewise, Johnston et al. (1963) reported that crossbred (Bos indicus × Bos taurus; 
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Brown Swiss and Red Sindhi) bulls exposed to high ambient temperature were comparatively 
less susceptible to heat stress in terms of semen quality and recovered more rapidly than 
purebred Bos taurus (Holstein) bulls.  
Since then several studies have investigated seasonal influences on semen quality in 
bulls. Mathevon et al. (1998) conducted a detailed study to evaluate seasonal influence on 
semen quality in 198 Bos taurus (Holstein) bulls during summer and winter seasons and 
observed that the summer season significantly affected all semen quality parameters. 
Furthermore, seasonal influence on semen quality was investigated in six Bos taurus (3 
Limousin and 3 Simmental) and five Bos indicus (Nelore) bulls where Bos taurus bulls were 
found more heat susceptible in terms of producing high number of abnormal heads followed 
by cytoplasmic droplets throughout the study period (Koivisto et al., 2009). In a very recent 
study, Balic et al. (2012) investigated seasonal influence on 19 Bos taurus (Simmental) bulls 
and they observed that the summer heat stress declined semen quality parameters and they 
could relate this finding to the presence of high lipid peroxidation (as determined by 
thiobarbituric acid reactive substances; TBARS). Moreover, the authors observed that the 
semen collected from young bulls during summer season was associated with more intensive 
oxidative protein damage (assessed by protein carbonyl content). Likewise, in humans, 
defective semen samples have been shown to produce higher (40 times) amounts of reactive 
oxygen species (ROS) than semen samples with normal spermatozoa (Aitken and Clarkson, 
1987). Reactive oxygen species are small, oxygen-based molecules that are highly reactive 
because of unpaired electrons. The most prominent ROS are the superoxide anion (O2-), 
hydrogen peroxide (H2O2), and the hydroxyl ion (OH-). Physiologically a certain amount of 
ROS are required for the regulation of several transmembrane signal transduction pathways in 
somatic cells (Rhee, 2006) and for capacitation and acrosome reaction in spermatozoa (de 
Lamirande and Gagnon, 1993). In contrast, high concentrations of ROS reduce sperm motility 
and viability which culminate in poor sperm-zona pellucida binding and sperm-oocyte 
interaction (Aitken and Fisher, 1994). Therefore, it is evident that increased temperature has 
an adverse effect on semen quality which might be related to the increased production of 
ROS. Failure to achieve this delicate balance of ROS in the seminal plasma may result in 
compromised field fertility.  
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Scrotal insulation effects 
Insulation of the scrotum by a special scrotal sack, made of nylon cloth with polyester 
batting has frequently been used as a model for mimicking increased testicular temperature. 
Scrotal insulation disrupts testicular thermoregulation by increasing the testicular temperature 
and also by interfering with scrotal sweating. The first study to evaluate the effects of scrotal 
insulation on sperm quality was conducted by Wildeus and Entwistle (1983) in crossbred (Bos 
indicus × Bos taurus; Holstein and Brahman) bulls. Morphological sperm abnormalities 
(mostly decapitated, protoplasmic droplets, and tail defects) appeared in the ejaculates in a 
chronological order depending on the stages of sperm cell maturation during heat insult, i.e. 
48 h scrotal insulation affected spermatozoa in the caput epididymis as well as spermatids in 
the maturation stage. Subsequently, Vogler et al. (1991; 1993) conducted an elaborate study 
by insulating the scrotum of 6 Holstein bulls for 48 hours. Although the total number of 
spermatozoa was not significantly reduced, the proportion of progressively motile 
spermatozoa and the proportion of normal spermatozoa was decreased from 69% to 42% and 
80% to 14%, respectively in the ejaculates collected after 15 to 18 days of scrotal insulation. 
The type and proportion of abnormal spermatozoa, and specific abnormalities appeared in a 
consistent chronological order although there was considerable variation in response to heat 
insult among bulls. In another study, Barth and Bowman (1994) compared sperm 
abnormalities after scrotal insulation (4 days) of 4 mixed Bos taurus bulls with sperm 
abnormalities after dexamethasone treatment for 7 days. Nuclear vacuoles, pyriform heads, 
and microcephalic sperm appeared in the ejaculates collected after 18-25 days of onset of 
treatment and these abnormalities were more prevalent in scrotal insulated bulls than in 
dexamethasone treated bulls. Conversely, dexamethasone treatment resulted in an earlier and 
more severe effect on epididymal spermatozoa. Walters et al. (2004) evaluated sperm 
abnormalities by insulating 4 Holstein bulls for 48 h and observed a higher number of 
abnormal spermatozoa (81%) in semen collected after 27 days of scrotal insulation compared 
to the pre-scrotal insulation period (18%). The most important difference was observed in the 
percentage of pyriform shaped spermatozoa (51.6% vs 3.8%). Fernandes et al. (2008) 
examined sperm abnormalities by insulating scrotum of 4 zebu (Nelore) bulls for 5 days 
where head and chromatin defects were more prominent in ejaculates collected at 14 and 21 
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days of insulation. In a recent study, Newton et al. (2009) investigated sperm quality by 
insulating scrotum (72 h) of six Holstein-Friesian bulls and observed thermal insult 
profoundly affected all sperm characteristics. They further reported a sequential appearance of 
specific morphological abnormalities throughout the post-insulation period but some 
abnormalities (detached heads, pyriform heads and midpiece defects) peaked at 15-24 days 
after scrotal insulation. Therefore, the above studies clearly indicated that heat stress disrupts 
testicular thermoregulation which ultimately leads to various forms of sperm abnormalities 
(Table 1). Importantly, sperm abnormalities appear in the ejaculates in a chronological nature 
depending on the severity of heat insult and seem to be related to stages of germ cell 
development during heat insult (Fig. 5). However, to our knowledge, no studies have yet been 
conducted to evaluate the exact stages of spermatogenesis which are vulnerable to heat stress 
by collecting ejaculates throughout the spermatogenic cycle.  
 
 
 
 
 
  
Table 1. Major sperm abnormalities observed in several studies after inducing heat stress to testes using scrotal insulation (SI). 
Duration of 
SI 
Time in days at which sperm 
abnormalities appear in the 
ejaculates after SI 
Major sperm abnormalities References 
48 h 6-23 days Decapitated sperm, abnormal acrosomes, 
abnormal tails and protoplasmic droplets 
Wildeus and 
Entwhistle, 1983 
48 h 12-36  days Tailless sperm, diadem defects, pyriform head, 
nuclear vacuoles, knobbed acrosomes and drag 
defects 
Vogler et al., 1991; 
1993 
96 h 18-25 days Pyriform heads, nuclear vacuoles, microcephalic 
sperm and abnormal DNA condensation 
Barth and Bowman, 
1994 
48 h 23-34 days  Pyriform heads, diadem defects, apical vacuoles Walters et al., 2004 
120 h 14-21 days Head abnormalities, nuclear vacuoles, acrosome 
and midpiece defects 
Fernandes et al., 2008 
72 h 15-49 days Pyriform heads, detached heads, midpiece defects, 
proximal droplets 
Newton et al., 2009 
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Fig. 5. Several stages of bovine spermatogenesis are vulnerable to heat stress. The figure is illustrated 
based on the literature data that are presented in Table 1.  
 
Heat stress and signaling pathways  
Heat stress has since long been identified as a possible cause of subfertility in farm 
animals. In males, disruption of scrotal/testicular thermoregulation has well been reported as a 
cause of subfertility. However, the molecular mechanism or signaling of heat stress-induced 
adverse effects on mature spermatozoa has not clearly been characterized. In somatic cells, 
heat stress causes proteins to misfold and aggregate which leads to apoptosis through 
activation of the mitogen-activated protein kinase (MAPK) signaling pathway (Bellmann et 
al., 2010). In a very recent study, Kim et al. (2012) reported that heat stress induces apoptosis 
in germ cell by activating MAPK pathway while DAZL, a germ cell-specific translational 
regulator played as protective role. Mitogen-activated protein kinases consist of a family of 
serine threonine kinases that function as critical mediators in response to a variety of 
extracellular signals (Johnson and Lapadat, 2002; Cowan and Storey, 2003; Wada and 
Penninger, 2004). In rats, MAPK signaling pathways, more specifically MAPK14 was the key 
signaling pathway involved in heat-induced testicular germ cell apoptosis (Jia et al., 2009). 
However, it is not clear whether the MAPK signaling pathway is operative in mature 
spermatozoa as they are transcriptionally and translationally inert. Studies indicated that the 
features typically associated with apoptosis such as DNA fragmentation, low mitochondrial 
membrane potential, loss of plasma membrane integrity and phosphatidylserine 
externalization on plasma membrane in somatic cells are also present in mature human, boar, 
horse, bull, rat, hamster and mouse spermatozoa (Aziz et al., 2007; Martin et al., 2007; Brum 
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et al., 2008; Said et al., 2008). Importantly, in human spermatozoa, extracellular signal-
regulated kinase (ERK) and MAP kinase kinase (also known as MEK), the key upstream 
components of the MAPK signaling pathway have also been identified (de Lamirande and 
Gagnon, 2002; O'Flaherty et al., 2005; Almog et al., 2008). However, in bovine spermatozoa, 
no signaling pathways have yet been identified in relation with heat stress. 
It was believed earlier that mature spermatozoa do not possess effective operative 
mechanisms for DNA degradation and that the apoptotic cascade does not commence in their 
mature state. However, recent data support the notion that apoptosis or at least apoptotic-like 
processes can be induced in ejaculated spermatozoa by a variety of stimuli or stresses (Martin 
et al., 2004; Ball, 2008; Brum et al., 2008). TUNEL assay is an objective approach to 
distinguish apoptotic cells from necrotic cells (Imreh et al., 1998). In previous studies, 
conventional TUNEL assay fails to determine the factual sperm DNA fragmentation 
(Hendricks and Hansen, 2009; Mitchell et al., 2011). This is due to the highly compacted 
nature of sperm DNA, which is surrounded by protamine molecules. Therefore, terminal 
transferase cannot access the sites of DNA nicks for binding. However, the recently 
established modified TUNEL assay (relaxation of protamine bonds by dithiothreitol, DTT) 
can more effectively determine sperm DNA damage in human and mouse (Mitchell et al., 
2011). Thus, for a reliable DNA damage in bovine spermatozoa, it is of the utmost importance 
to adapt the modified TUNEL assay in this species as well. It is also conceivable that sperm 
DNA damage does not necessarily affect fertilization since DNA repair mechanisms are 
present in the oocyte: in some cases further development can occur even after fertilization 
with DNA-fragmented spermatozoa (Matsuda and Tobari, 1989) but in other cases embryo 
development is blocked after the first cleavage (Fatehi et al., 2006). The oocyte’s DNA 
repairing mechanism is probably closely related with oocyte quality in terms of oocyte 
diameter as evidenced by faster cleavage and higher embryo development in large oocytes 
(Vandaele et al., 2007). Thus, it can be hypothesized that larger oocytes can repair higher 
sperm DNA damage and oxidative damage to plasma membrane and thus improve 
preimplantation blastocyst quality as they have higher mRNA and proteins stockpile in 
comparison with smaller oocytes. However, in literature no data are available regarding the 
interplay between sperm DNA damage and oocyte quality during fertilization, embryo 
development and for the maintenance of preimplantation blastocyst quality when sperm has 
been subjected to oxidative stress. 
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Heat stress and sperm epigenetics  
The DNA of the spermatozoon is uniquely orchestrated to meet the needs of this 
highly specialized cell. The unique nuclear protein landscape in sperm makes a chromatin 
structure that is between 6-20 times more compact than nucleosome-bound DNA, resulting in 
a tightly condensed nucleus (Balhorn, 2007; Ward, 2010; Johnson et al., 2011). Replacement 
of histone-bound chromatin to protamine-bound chromatin is responsible for such high 
compaction, necessary for the safe delivery of sperm DNA to the oocyte. However, the 
replacement of histones with sperm-specific protamines has called into question the utility of 
the paternal epigenome in embryonic development, since histones are capable of eliciting 
gene activation or silencing via tail modification such as methylation and acetylation. In fact, 
protamination removes a potential informative epigenetic layer from the paternal chromatin, 
leading to the previous belief that sperm are incompetent to drive epigenetic changes in the 
embryo. However, recent data contradict this notion. 
The growing evidence in support of the hypothesis that the paternal epigenome plays 
an important role in the developing embryo is not limited to nucleosomal retention. DNA 
methylation further establishes the role of the sperm epigenome in the developing embryo. 
DNA methylation denotes addition of a methyl group on the 5 carbon of cytosine residues 
(5mC) at cytosine-phosphate-guanine dinucleotides (CpGs), which exert strong epigenetic 
regulation in many cell types. Studies showed that DNA methylation is essential in genomic 
imprinting, gene expression regulation, X chromosomal inactivation, and embryonic 
development (Surani, 1998; Ng and Bird, 1999). This epigenetic mark (5mC) can activate or 
repress gene transcription at specific sites based on the methylation levels at promoter 
regions. Hypermethylation at promoters blocks access of transcriptional machinery and thus 
inhibits gene expression. In contrast, hypomethylation facilitates access of DNA polymerase 
and hence causes gene activation (reviewed in Jenkins and Carrell, 2012).  
The significance of DNA methylation has been demonstrated globally, locally, and at 
the single locus level in both humans and animal models. Several studies demonstrated that 
aberrant methylation in genes at promoter and imprinted loci are strongly associated with 
various forms of infertility and sperm defects in men (Wu et al., 2010; Pacheco et al., 2011). 
Likewise, global sperm DNA hypomethylation was related to poor pregnancy outcomes in 
IVF patients (Benchaib et al., 2005).  There are many likely candidates that may cause 
epigenetic alterations in sperm and resultant abnormal embryogenesis. Environmental toxins 
and aging have been shown to be important for altered sperm epigenome elsewhere (Anway 
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and Skinner, 2008; Yauk et al., 2008). However, it is not known yet whether heat stress can 
alter sperm epigenome and the resultant abnormal embryogenesis.      
A key process in the acquisition of nuclear totipotency of mammalian zygotes is the 
erasure of epigenetic marks acquired during embryogenesis. In bovine zygotes, it has been 
shown that cytosine in the paternal pronucleus is actively and completely demethylated 
followed by de novo methylation before the two-cell stage while the levels of cytosine 
methylation remain constant in the female pronucleus (Park et al., 2007). A schematic 
diagram of DNA methylation pattern in both paternal and maternal pronuclei has been 
illustrated in Fig. 6. This dynamic DNA methylation reprogramming within the narrow 
developmental window of pronuclear stages is very important of normal embryogenesis. 
Therefore, it is postulated that heat stress during spermatogenesis alters sperm epigenome, 
which may ultimately disrupt the dynamic DNA methylation reprogramming in the zygotes. 
However, in literature no information is available regarding heat stress effects on the bovine 
sperm epigenetic pattern that may perturb epigenetic reprogramming in the paternal 
pronucleus after in vitro fertilization.  
 
Fig. 6. Schematic presentation of DNA methylation patterns in the bovine male (solid line) and female 
(dashed line) pronuclei (adapted from Park et al., 2007). 
 
Effects of oxidative stress 
Testicular tissues and sperm cells are constantly exposed to reactive oxygen species 
(ROS) generated as products of normal metabolism. After ejaculation during sperm 
transportation in the female reproductive tract spermatozoa normally pass through an area of 
high oxygen level (Fujii et al., 2003). Although low levels of ROS are required to stimulate 
sperm hyperactivity, capacitation and acrosomal reaction (de Lamirande et al., 1997), high 
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levels of ROS lead to pathologic changes in spermatozoa by intensifying lipid peroxidation, 
which eventually results in loss of sperm motility and viability (Aitken et al., 2012). The 
middle part of the sperm where the mitochondria are located is highly susceptible to 
peroxidation and it has been considered that electron chain transport is the source of the 
excessive generation of ROS  (Brouwers and Gadella, 2003). The negative impact of ROS to 
sperm function becomes apparent through rapid loss of intracellular ATP, damages to the 
axoneme and morphological defects of mitochondria with a detrimental effect on sperm 
capacitation and acrosomal reaction (Sikka, 1996). Moreover, ROS is also able to stimulate 
the sulfhydryl radical group oxidation in protein molecules as well as DNA fragmentation, 
thereby altering the structure and function of spermatozoa (Agarwal et al., 2003). Among a 
number of factors responsible for decreasing sperm quality, environmental stress is the most 
important one. For example, stress induced by high ambient temperatures is a well-known 
factor that can result in a higher numbers of damaged or abnormal spermatozoa, and a long 
duration of high temperatures with increased humidity can cause male infertility over a long 
period of time. High temperature in combination with high humidity increases free radical 
production: reactive molecules tend to affect unsaturated fatty acid rich cell membranes in 
mammalian spermatozoa, which are considered highly susceptible to peroxidation (Brouwers 
and Gadella, 2003; Balic et al., 2012). Oxidative stress has been implicated as one of the main 
factors in germ cell apoptosis induced by elevated testicular temperature in patients with 
varicocele (Shiraishi et al., 2010). Since the antioxidant defense in sperm cells is very 
minimal due to the small amount of the cytoplasm in their heads and tails (Bilodeau et al., 
2000), sperm cells are highly vulnerable to oxidative stress (Irvine, 1996).  
 
Oocyte quality 
A superior oocyte quality is of paramount importance for successful embryogenesis, 
especially when dealing with assisted reproduction. A competent oocyte is able to maintain 
embryonic development to term (Gandolfi and Gandolfi, 2001). Although the culture 
conditions can impact on the developmental potential of the early embryo, the intrinsic quality 
of oocyte is the key factor determining the proportion of oocytes developing to the blastocyst 
stage (Sirard and Blondin, 1996). Generally oocyte quality is determined by the oocyte’s 
nuclear and cytoplasmic maturation which is attained during its growth in the follicle (Sirard, 
2001). Nuclear maturation is characterized by the oocyte’s ability to resume meiotic division 
up to metaphase II during in vitro maturation. It can be visualized by the extrusion of the 
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second polar body and the appearance of the second metaphase plate using a nuclear stain  
such as Hoechst (Edwards et al., 2005). Cytoplasmic maturation is less easy to analyze and 
pertains to the entire array of maternal mRNAs, proteins, substrates, nutrients, mitochondria 
and peroxiredoxins accumulated in the ooplasm during folliculogenesis (Blondin et al., 1997; 
Gondolfi and Gondolfi, 2001; Leyens et al., 2004; Watson, 2007). Cytoplasmic maturation 
enables the oocyte to perform the first cleavage divisions until the embryonic genome is 
activated, at the 8- to 16-cell stage in cattle (Fair et al., 2003).  
Beside nuclear and cytoplasmic maturation, follicle diameter (Lonergan et al., 1994; 
Fair et al., 1996), follicle status (Vassena et al., 2003), oocyte diameter (Fair et al., 1995; 
Vandaele et al., 2007), cumulus morphology (Yuan et al., 2005) have been reported to be 
related with the developmental competence of oocytes and have therefore been proposed as 
useful selection criteria for oocyte quality.            
 
Conclusion 
In light of the preceding paragraphs, it has become obvious that heat stress, which can 
happen equally in Bangladesh as in Belgium, can have severe effects on sperm quality in 
cattle, and the severity of the effects may be related to the cattle breed. If heat stress affects 
sperm quality at subtle levels that remain largely unnoticed by conventional semen analysis, 
this may have prolonged effects on subsequent field fertility. The mechanisms of heat-induced 
changes in spermatozoa both at genomic and epigenomic levels and their consequences, in 
particular after fertilization remain largely unclear and need to be investigated in-depth to 
identify the problem of bull’s subfertility especially under tropical and subtropical conditions. 
In the current research, we have induced stress to bovine spermatozoa by means of both in 
vivo and in vitro models. In the in vivo model, we have insulated the scrotum of bulls and 
collected semen throughout the spermatogenetic cycle. This model was very valuable to 
determine the spermatogenesis stage-specific susceptibility of sperm cells to heat stress. In the 
in vitro model, ejaculates collected either from heat-stressed bulls or control ejaculates 
subjected to heat stress were used to analyze dynamic methylation programming in the 
zygotes and the key signaling pathway for heat-induced sperm damage, respectively. Finally, 
the role of oocyte quality in subsequent fertilization, embryo development and preimplantion 
blastocyst quality was also investigated following insemination of oocytes with spermatozoa 
subjected to sublethal oxidative stress since oocyte possesses antioxidants and DNA repairing 
mechanism.  
Chapter 1  25 
 
References 
Agarwal, A., Saleh, R. A., and Bedaiwy, M. A. (2003). Role of reactive oxygen species in the 
pathophysiology of human reproduction. Fertil Steril 79, 829-843. 
Aitken, R. J., and Clarkson, J. S. (1987). Cellular basis of defective sperm function and its 
association with the genesis of reactive oxygen species by human spermatozoa. J 
Reprod Fertil 81, 459-469. 
Aitken, R. J., and Fisher, H. (1994). Reactive oxygen species generation and human 
spermatozoa: the balance of benefit and risk. Bioessays 16, 259-267. 
Aitken, R. J., Jones, K. T., and Robertson, S. A. (2012). Reactive oxygen species and sperm 
function--in sickness and in health. J Androl 33, 1096-106.  
Almog, T., Lazar, S., Reiss, N., Etkovitz, N., Milch, E., Rahamim, N., Dobkin-Bekman, M., 
Rotem, R., Kalina, M., Ramon, J., Raziel, A., Breitbart, H., Seger, R., and Naor, Z. 
(2008). Identification of extracellular signal-regulated kinase 1/2 and p38 MAPK as 
regulators of human sperm motility and acrosome reaction and as predictors of poor 
spermatozoan quality. J Biol Chem 283, 36060-36060. 
Almquist, J. O. (1973). Effects of sexual preparation on sperm output, semen characteristics 
and sexual activity of beef bulls with a comparison to dairy bulls. J Anim Sci 36, 331–
336. 
Almquist, J. O. Branas, R. J., and Barber, K. A. (1976). Postpubertal changes in semen 
production of Charolais bulls ejaculated at high frequency and the relation between 
testicular measurements and sperm output. J Anim Sci 42, 670–676. 
Amann, R. P. (1983). Endocrine changes associated with onset of spermatogenesis in Holstein 
bulls. J Dairy Sci 66, 2606-2622. 
Amann, R. P., and Veeramachaneni, D. N. R. (2007). Cryptorchidism in common eutherian 
mammals. Reproduction 133, 541-561. 
Anway, M. D., and Skinner, M. K. (2008). Epigenetic programming of the germ line: effects 
of endocrine disruptors on the development of transgenerational disease. Reprod 
Biomed Online 16, 23-25. 
Aponte, P. M., de Rooij, D. G., and Bastidas, P. (2005). Testicular development in Brahman 
bulls. Theriogenology 64, 1440-1455. 
Aziz, N., Said, T., Paasch, U., and Agarwal, A. (2007). The relationship between human 
sperm apoptosis, morphology and the sperm deformity index. Hum Reprod 22, 1413-
1419. 
Balhorn, R. (2007). The protamine family of sperm nuclear proteins. Genome Biol 8, 227. 
26  Chapter 1 
 
Balic, I. M., Milinkovic-Tur, S., Samardzija, M., and Vince, S. (2012). Effect of age and 
environmental factors on semen quality, glutathione peroxidase activity and oxidative 
parameters in simmental bulls. Theriogenology 78, 423-431. 
Ball, B. A. (2008). Oxidative stress, osmotic stress and apoptosis: impacts on sperm function 
and preservation in the horse. Anim Reprod Sci 107, 257-267. 
Barros, C. M., Pegorer, M. F., Vasconcelos, J. L., Eberhardt, B. G., and Monteiro, F. M. 
(2006). Importance of sperm genotype (indicus versus taurus) for fertility and 
embryonic development at elevated temperatures. Theriogenology, 65:210-218. 
Barth, A. D., and Bowman, P. A. (1994). The sequential appearance of sperm abnormalities 
after scrotal insulation or Dexamethasone treatment in bulls. Can Vet J 35, 93-102. 
Bellmann, K., Charette, S. J., Nadeau, P. J., Poirier, D. J., Loranger, A., and Landry, J. (2010). 
The mechanism whereby heat shock induces apoptosis depends on the innate 
sensitivity of cells to stress. Cell Stress Chaperon 15, 101-113. 
Benchaib, M., Braun, V., Ressnikof, D., Lornage, J., Durand, P., Niveleau, A., and Guerin, J. 
F. (2005). Influence of global sperm DNA methylation on IVF results. Hum Reprod 
20, 768-773. 
Bilodeau, J. F., Chatterjee, S., Sirard, M. A., and Gagnon, C. (2000). Levels of antioxidant 
defenses are decreased in bovine spermatozoa after a cycle of freezing and thawing. 
Mol Reprod Dev 55, 282–288. 
Blazquez, N. B., Mallard, G. J., and Wedd, S. R. (1988). Sweat glands of the scrotum of the 
bull. J Reprod Fertil 83, 673-677. 
Blondin, P., Coenen, K., Guilbault, L. A., and Sirard, M. A. (1997). In vitro production of 
bovine embryos: developmental competence is acquired before maturation. 
Theriogenology 47, 1061-1075. 
Brito, L. F. C., Silva, A. E. D. F., Rodrigues, L. H., Vieira, F. V., Deragon, L. A. G., and 
Kastelic, J. P. (2002). Effect of age and genetic group on characteristics of the 
scrotum, testes and testicular vascular cones, and on sperm production and semen 
quality in AI bulls in Brazil. Theriogenology 58, 1175-1186. 
Brito, L. F. C., Silva, A. E. D. F., Barbosa, R. T., and Kastelic, J. P. (2004). Testicular 
thermoregulation in Bos indicus, crossbred and Bos taurus bulls: relationship with 
scrotal, testicular vascular cone and testicular morphology, and effects on semen 
quality and sperm production. Theriogenology 61, 511-528. 
Brouwers, J. F., and Gadella, B. M. (2003). In situ detection and localization of lipid 
peroxidation in individual bovine sperm cells. Free Radic Biol Med 35,1382–1391. 
Brum, A. M., Sabeur, K., and Ball, B. A. (2008). Apoptotic-like changes in equine 
spermatozoa separated by density-gradient centrifugation or after cryopreservation. 
Theriogenology 69, 1041-1055. 
Chapter 1  27 
 
Casady, R. B., Myers, R. M., and Legates, J. E. (1953). The effect of exposure to high 
ambient temperature on spermatogenesis in the dairy bull. J Dairy Sci 36, 14-23. 
Clermont, Y., and Tang, X. M. (1985). Glycoprotein-synthesis in the golgi-apparatus of 
spermatids during spermiogenesis of the rat. Anat Rec 213, 33-43. 
Cook, R. B., Coulter, G. H., and Kastelic, J. P. (1994). The testicular vascular cone, scrotal 
thermoregulation, and their relationship to sperm production and seminal quality in 
beef bulls. Theriogenology 41, 653-671. 
Cowan, K. J., and Storey, K. B. (2003). Mitogen-activated protein kinases: new signaling 
pathways functioning in cellular responses to environmental stress. J Exp Biol 206, 
1107-1115. 
Curtis, S. K., and Amann, R. P. (1981). Testicular development and establishment of 
spermatogenesis in Holstein bulls. J Anim Sci 53, 1645-1657. 
de Lamirande, E., and Gagnon, C. (1993). A positive role for the superoxide anion in 
triggering hyperactivation and capacitation of human spermatozoa. Int J Androl 16, 
21-25. 
de Lamirande, E., Jiang, H., Zini, A., Kodama, H., and Gagnon, C. (1997). Reactive oxygen 
species and sperm physiology. Rev Reprod 2, 48 –54. 
de Lamirande, E., and Gagnon, C. (2002). The extracellular signal-regulated kinase (ERK) 
pathway is involved in human sperm function and modulated by the superoxide anion. 
Mol Hum Reprod 8, 124-135. 
Edwards, J. L., Saxton, A. M., Lawrence, J. L., Payton, R. R., and Dunlap, J. R. (2005). 
Exposure to a physiologically relevant elevated temperature hastens in vitro 
maturation in bovine oocytes. J Dairy Sci 88, 4326-4333. 
Einer-Jensen, N., and Hunter, R. H. F. (2005). Counter-current transfer in reproductive 
biology. Reproduction 129, 9-18. 
F. A. O. (2005). Livestock sector brief, Bangladesh. Foad and Agriculural Organization of the 
United Nations. 
Fair, T., Hyttel, P., and Greve, T. (1995). Bovine oocyte diameter in relation to maturational 
competence and transcriptional activity. Mol Reprod Dev 42, 437-442. 
Fair T, Hyttel P, Greve T, and Boland M. (1996). Nucleus structure and transcriptional 
activity in relation to oocyte diameter in cattle. Mol Reprod Dev 43, 503-512. 
Fair, T. (2003). Follicular oocyte growth and acquisition of developmental competence. Anim 
Reprod Sci 78, 203-216. 
 
28  Chapter 1 
 
Fatehi, A. N., Bevers, M. M., Schoevers, E., Roelen, B. A. J., Colenbrander, B., and Gadella, 
B. M. (2006). DNA damage in bovine sperm does not block fertilization and early 
embryonic development but induces apoptosis after the first cleavages. J Androl 27, 
176-188. 
Fernandes, C. E., Dode, M. A. N., Pereira, D., and Silva, A. E. D. F. (2008). Effects of scrotal 
insulation in Nellore bulls (Bos taurus indicus) on seminal quality and its relationship 
with in vitro fertilizing ability. Theriogenology 70, 1560-1568. 
Flesch, F. M., and Gadella, B. M. (2000). Dynamics of the mammalian sperm plasma 
membrane in the process of fertilization. Biochim Biophys Acta 1469, 197-235. 
Foster, J., Almquist, J. O., and Martig R. C. (1970). Reproductive capacity of beef bulls. IV. 
Changes in sexual behavior and semen characteristics among successive ejaculations. 
J Anim Sci 30, 245–252. 
Fujii, J., Iuchi, Y., Matsuki, S., and Ishii, T. (2003). Cooperative function of antioxidant and 
redox systems against oxidative stress in male reproductive tissues. Asian J Androl 5, 
231– 242. 
Gadella, B. M. (2008). Sperm membrane physiology and relevance for fertilization. Anim 
Reprod Sci 107, 229-236. 
Gandolfi, T. A., and Gandolfi, F. (2001). The maternal legacy to the embryo: cytoplasmic 
components and their effects on early development. Theriogenology 55,1255-1276. 
Gaucher, J., Reynoird, N., Montellier, E., Boussouar, F., Rousseaux, S., and Khochbin, S. 
(2010). From meiosis to postmeiotic events: the secrets of histone disappearance. Febs 
J 277, 599-604. 
Gunn, S. A., and Gould, T. C. (1975). Vasculature of the testes and adnexa. In: Greep RO, ed. 
Handbook of Physiology, Section 7, Endocrinology; Vol. 5, Male Reproductive 
System. Washington DC: American Physiological Society, pp 117-142. 
Hafez, E. S. E. (2000). Anatomy of male reproduction. In: Reproduction in Farm Animals. 7th 
edition, Lippincott Williams and Wilkins Press, pp 3-12. 
Harrison, R. A., and Gadella, B. M. (2005). Bicarbonate-induced membrane processing in 
sperm capacitation. Theriogenology 63, 342-351. 
Hees, H., Leiser, R., Kohler, T., and Wrobel, K. H. (1984). Vascular morphology of the 
bovine spermatic cord and testis. Light and scanning electron-microscopic studies on 
the testicular artery and pampiniform plexus. Cell Tissue Res 237, 31-38. 
Hendricks, K. E. M., and Hansen, P. J. (2009). Can programmed cell death be induced in 
post-ejaculatory bull and stallion spermatozoa? Theriogenology 71, 1138-1146. 
Hochereau-de Reviers, M. T. (1976). Variation in the stock of testicular stem cells and in the 
yield of spermatogonial divisions in ram and bull testes. Andrologia 8, 137-146. 
Chapter 1  29 
 
Hochereau-de Reviers, M. T., and Courot, M. (1978). Sertoli cells and development of 
seminiferous epithelium. Ann Biol Anim Bioch 18, 573-583. 
Hoflack, G., Van Soom, A., Maes, D., de Kruif, A., Opsomer, G., and Duchateau, L. (2006). 
Breeding soundness and libido examination of Belgian blue and Holstein Friesian 
artificial insemination bulls in Belgium and the Netherlands. Theriogenology 66, 207-
216. 
Irvine, D. S. (1996). Glutathione as a treatment for male infertility. Rev Reprod 1, 6-12. 
Imreh, G., Beckman, M., Iverfeldt, K., and Hallberg, E. (1998). Noninvasive monitoring of 
apoptosis versus necrosis in a neuroblastoma cell line expressing a nuclear pore 
protein tagged with the green fluorescent protein. Exp Cell Res 238, 371-376. 
Ivell, R. (2007). Lifestyle impact and the biology of the human scrotum. Reprod Biol 
Endocrin 5, 15.  
Jenkins, T. G., and Carrell, D. T. (2012). The sperm epigenome and potential implications for 
the developing embryo. Reproduction 143, 727-734. 
Jia, Y., Castellanos, J., Wang, C., Sinha-Hikim, I., Lue, Y. H., Swerdloff, R. S., and Sinha-
Hikim, A. P. (2009). Mitogen-activated protein kinase signaling in male germ cell 
apoptosis in the rat. Biol Reprod 80, 771-780. 
Johnson, G. D., Lalancette, C., Linnemann, A. K., Leduc, F., Boissonneault, G., and Krawetz, 
S. A. (2011). The sperm nucleus: chromatin, RNA, and the nuclear matrix. 
Reproduction 141, 21-36. 
Johnson, G. L., and Lapadat, R. (2002). Mitogen-activated protein kinase pathways mediated 
by ERK, JNK, and p38 protein kinases. Science 298, 1911-1912. 
Johnson, L. (1995). Efficiency of spermatogenesis. Microsc Res Techniq 32, 385-422. 
Johnson, L., Varner, D. D., Roberts, M. E., Smith, T. L., Keillor, G. E., and Scrutchfield, W. 
L. (2000). Efficiency of spermatogenesis: a comparative approach. Anim Reprod Sci 
60, 471-480. 
Johnston, J. E., Naelapaa, H., and Frye, J. B. (1963). Physiological responses of Holstein, 
Brown Swiss and Red Sindhi crossbred bulls exposed to high temperatures and 
humidities. J Anim Sci 22, 432-&. 
Jones, R. C. (1999). To store or mature spermatozoa? the primary role of the epididymis. Int J 
Androl 22, 57-67. 
Josso, N. (1986). Anti-Müllerian hormone: new perspectives for a sexist molecule. Endocr 
Rev 7, 421–433. 
Kastelic, J. P., Cook, R. B., and Coulter, G. H. (1996). Contribution of the scrotum and testes 
to scrotal and testicular thermoregulation in bulls and rams. J Reprod Fertil 108, 81-
85. 
30  Chapter 1 
 
Kastelic, J. P., Cook, R. B., and Coulter, G. H. (1997). Contribution of the scrotum, testes, 
and testicular artery to scrotal/testicular thermoregulation in bulls at two ambient 
temperatures. Anim Reprod Sci 45, 255-261. 
Kastelic, J. P., Coulter, G. H., and Cook, R. B. (1995). Scrotal surface, subcutaneous 
intratesticular, and intraepididymal temperatures in bulls. Theriogenology 44, 147-152. 
Kim, B., Cooke, H. J., and Rhee, K. (2012). DAZL is essential for stress granule formation 
implicated in germ cell survival upon heat stress. Development 139, 568-578. 
Klonisch, T., Fowler, P. A., and Hombach-Klonisch, S. (2004). Molecular and genetic 
regulation of testis descent and external genitalia development. Dev Biol 270, 1-18. 
Koivisto, M. B., Costa, M. T. A., Perri, S. H. V., and Vicente, W. R. R. (2009). The effect of 
season on semen characteristics and freezability in Bos indicus and Bos taurus bulls in 
the southeastern region of Brazil. Reprod Domest Anim 44, 587-592. 
Lee, M. M., and Donahoe, P. K. (1993). Mullerian inhibiting substance: a gonadal hormone 
with multiple functions. Endocr Rev 14, 152-164. 
Leyens, G., Knoops, B., and Donnay, I. (2004). Expression of peroxiredoxins in bovine 
oocytes and embryos produced in vitro. Mol Reprod Dev 69, 243-251. 
Martin, G., Cagnon, N., Sabido, O., Sion, B., Grizard, G., Durand, P., and Levy, R. (2007). 
Kinetics of occurrence of some features of apoptosis during the cryopreservation 
process of bovine spermatozoa. Hum Reprod 22, 380-388. 
Martin, G., Sabido, O., Durand, P., and Levy, R. (2004). Cryopreservation induces an 
apoptosis-like mechanism in bull sperm. Biol Reprod 71, 28-37. 
Mathevon, M., Buhr, M. M., and Dekkers, J. C. M. (1998). Environmental, management, and 
genetic factors affecting semen production in Holstein bulls. J Dairy Sci 81, 3321-
3330. 
Matsuda, Y., and Tobari, I. (1989). Repair capacity of fertilized mouse eggs for X-ray damage 
induced in sperm and mature oocytes. Mutat Res 210, 35-47. 
Mitchell, L. A., De Iuliis, G. N., and Aitken, R. J. (2011). The TUNEL assay consistently 
underestimates DNA damage in human spermatozoa and is influenced by DNA 
compaction and cell vitality: development of an improved methodology. Int J Androl 
34, 2-13. 
Newton, L. D., Kastelic, J. P., Wong, B., Van der Hoorn, F., and Thundathil, J. (2009). 
Elevated testicular temperature modulates expression patterns of sperm proteins in 
Holstein bulls. Mol Reprod Dev 76, 109-118. 
Ng, H. H., and Bird, A. (1999). DNA methylation and chromatin modification. Curr Opin 
Genet Dev 9, 158-163. 
Chapter 1  31 
 
Niwa, K., Park, C. K., and Okuda, K. (1991). Penetration in vitro of bovine oocytes during 
maturation by frozen-thawed spermatozoa. J Reprod Fertil 91, 329-336. 
O'Flaherty, C., de Lamirande, E., and Gagnon, C. (2005). Reactive oxygen species and 
protein kinases modulate the level of phospho-MEK-like proteins during human sperm 
capacitation. Biol Reprod 73, 94-105. 
Pacheco, S. E., Houseman, E. A., Christensen, B. C., Marsit, C. J., Kelsey, K. T., Sigman, M., 
and Boekelheide, K. (2011). Integrative DNA methylation and gene expression 
analyses identify DNA packaging and epigenetic regulatory genes associated with low 
motility sperm. PLoS One 6, e20280. 
Park, J. S., Jeong, Y. S., Shin, S. T., Lee, K. K., and Kang, Y. K. (2007). Dynamic DNA 
methylation reprogramming: active demethylation and immediate remethylation in the 
male pronucleus of bovine zygotes. Dev Dyn 236, 2523-2533. 
Rathke, C., Baarends, W. M., Jayaramaiah-Raja, S., Bartkuhn, M., Renkawitz, R., and 
Renkawitz-Pohl, R. (2007). Transition from a nucleosome-based to a protamine-based 
chromatin configuration during spermiogenesis in Drosophila. J Cell Sci 120, 1689-
1700. 
Rhee, S. G. (2006). H2O2, a necessary evil for cell signaling. Science 312, 1882-1883. 
Said, T. M., Agarwal, A., Zborowski, M., Grunewald, S., Glander, H. J., and Paasch, U. 
(2008). Utility of magnetic cell separation as a molecular sperm preparation technique. 
J Androl 29, 134-142. 
Senn, A., Germond, M., and De Grandi, P. (1992). Immunofluorescence study of actin, 
acrosin, dynein, tubulin and hyaluronidase and their impact on in-vitro fertilization. 
Hum Reprod 7, 841-849. 
Senger, P. L. (2003a). Embryogenesis of the pituitary gland and the male and female 
reproductive system. In: Pathways to Pregnancy and Parturition, 2nd edition, Current 
Conceptions, Inc. Press, pp 80-101. 
Senger, P. L. (2003b). Endocrinology of the male and spermatogenesis, In: Pathways to 
Pregnancy and Parturition, 2nd edition, Current Conceptions, Inc. Press, pp 214-239. 
Setchell, B. P. (1978). The scrotum and thermoregulation. In: Setchell BP, ed. The 
mammalian testis. Ithaca: Cornell University Press, pp 90-108. 
Shamsuddin, M., and Rahman, M. H. (2009). Milk production and dairy product supply and 
value chain. In: Robinson PH, Krishnamoorthy U Eds Hand Book of Dairy Nutrition 
Bangladesh. American Soybean Association, New Delhi, pp 1-16. 
 
32  Chapter 1 
 
Shamsuddin, M. (2011). Dairy production, quality control and marketing system in 
Bangladesh. In: Dairy production, quality control and marketing system in SAARC 
countries, Edited by Pal SK and Siddiquee MNA. SAARC Agriculture Centre, BARC 
Complex, Dhaka, pp 1-24. 
Sharpe, R. M. (2006). Pathways of endocrine disruption during male sexual differentiation 
and masculinisation. Best Pract Res Cl En 20, 91-110. 
Shiraishi, K., Takihara, H., and Matsuyama, H. (2010). Elevated scrotal temperature, but not 
varicocele grade, reflects testicular oxidative stress-mediated apoptosis. World J Urol 
28, 359-364. 
Siddiqui, M., Das, Z., Bhattacharjee, J., Rahman, M., Islam, M., Haque, M., Parrish, J., and 
Shamsuddin, M. (2012). Factors affecting the first service conception rate of cows in 
smallholder dairy farms in Bangladesh. Reprod Domest Anim (In press). 
Siddiqui, M. A. R. (2008a). Sperm image analysis and in vitro tests for predicting bull 
fertility. PhD thesis submitted to the Department of Surgery and Obstetrics, 
Bangladesh Agricultural University, Mymensingh, Bangladesh. 
Siddiqui, M. A. R., Bhattacharjee, J., Das, Z. C., Islam, M. M., Islam, M. A., Haque, M. A., 
Parrish, J. J., and Shamsuddin, M. (2008b). Crossbred bull selection for bigger 
scrotum and shorter age at puberty with potentials for better quality semen. Reprod 
Domest Anim 43, 74-79. 
Sikka, S. C. (1996). Oxidative stress and role of antioxidants in normal and abnormal sperm 
function. Front Biosci 1, 78–86. 
Silva, M. R., Pedrosa, V. B., Silva, J. C. B., Eler, J. P., Guimaraes, J. D., and Albuquerque, L. 
G. (2011). Testicular traits as selection criteria for young Nellore bulls. J Anim Sci 89, 
2061-2067. 
Sirard, M. A., and Blondin, P. (1996). Oocyte maturation and IVF in cattle. Anim Reprod Sci 
42, 417-426. 
Sirard, M. A. (2001). Resumption of meiosis: mechanism involved in meiotic progression and 
its relation with developmental competence Theriogenology 55, 1241-1254. 
Skinner, J. D., and Louw, G. N. (1966). Heat stress and spermatogenesis in Bos indicus and 
Bos taurus cattle. J Appl Physiol 21, 1784-&. 
Suarez, S. S. (2007). Interactions of spermatozoa with the female reproductive tract: 
inspiration for assisted reproduction. Reprod Fertil Dev 19, 103-110. 
Surani, M. A. (1998). Imprinting and the initiation of gene silencing in the germ line. Cell 93, 
309-312. 
Chapter 1  33 
 
Tanii, I., Toshimori, K., Araki, S., and Oura, C. (1992). Extra-golgi pathway of an acrosomal 
antigen during spermiogenesis in the rat. Cell Tissue Res 270, 451-457. 
Tsai, P. S., De Vries, K. J., De Boer-Brouwer, M., Garcia-Gil, N., Van Gestel, R. A., 
Colenbrander, B., Gadella, B. M., and Van Haeften, T. (2007). Syntaxin and VAMP 
association with lipid rafts depends on cholesterol depletion in capacitating sperm 
cells. Mol Membr Biol 24, 313-324. 
Turner, T. T. (1995). On the epididymis and its role in the development of the fertile 
ejaculate. J Androl 16, 292-298. 
van Gestel, R. A., Brewis, I. A., Ashton, P. R., Brouwers, J. F., and Gadella, B. M. (2007). 
Multiple proteins present in purified porcine sperm apical plasma membranes interact 
with the zona pellucida of the oocyte. Mol Hum Reprod 13, 445-454. 
Vandaele, L., Mateusen, B., Maes, D. G., de Kruif, A., and Van Soom, A. (2007). Temporal 
detection of caspase-3 and -7 in bovine in vitro produced embryos of different 
developmental capacity. Reproduction 133, 709-718. 
Vassena, R., Mapletoft, R. J., Allodi, S., Singh, J., and Adams, G. P. (2003). Morphology and 
developmental competence of bovine oocytes relative to follicular status. 
Theriogenology 60, 923-32. 
Vjugina, U., and Evans, J. P. (2008). New insights into the molecular basis of mammalian 
sperm-egg membrane interactions. Front Biosci-Landmrk 13, 462-476. 
Vogler, C. J., Bame, J. H., Dejarnette, J. M., Mcgilliard, M. L., and Saacke, R. G. (1993). 
Effects of elevated testicular temperature on morphology characteristics of ejaculated 
spermatozoa in the bovine. Theriogenology 40, 1207-1219. 
Vogler, C. J., Saacke, R. G., Bame, J. H., Dejarnette, J. M., and McGilliard, M. L. (1991). 
Effects of scrotal insulation on viability characteristics of cryopreserved bovine semen. 
J Dairy Sci 74, 3827-3835. 
Wada, T., and Penninger, J. M. (2004). Mitogen-activated protein kinases in apoptosis 
regulation. Oncogene 23, 2838-2849. 
Waldner, C. L., Kennedy, R. I., and Palmer, C. W. (2010). A description of the findings from 
bull breeding soundness evaluations and their association with pregnancy outcomes in 
a study of western Canadian beef herds. Theriogenology 74, 871-883. 
Walters, A. H., Eyestone, W. E., Saacke, R. G., Pearson, R. E., and Gwazdauskas, F. C. 
(2004). Sperm morphology and preparation method affect bovine embryonic 
development. J Androl 25, 554-563. 
Waites, G. M. H. (1970). Temperature regulation and the testis. In: Johnson AD, Gomes WR, 
Vandemark NL eds. The testis. New York: Academic Press, pp 241-279. 
34  Chapter 1 
 
Ward, W. S. (2010). Function of sperm chromatin structural elements in fertilization and 
development. Mol Hum Reprod 16, 30-36. 
Watson, A. J. (2007). Oocyte cytoplasmic maturation: a key mediator of oocyte and embryo 
developmental competence. J Anim Sci 85(Suppl13), E1-E3. 
Wensing, C. J. G., and Colenbrander, B. (1986). Normal and abnormal testicular descent. In: 
Oxford reviews reproductive biology, Vol 8. Ed. JR Clarke. Oxford, UK: Claredon 
Press, pp 125–130.  
Wildeus, S., and Entwistle, K. W. (1983). Spermiogram and sperm reserves in hybrid Bos 
indicus × Bos taurus bulls after scrotal insulation. J Reprod Fertil 69, 711-716. 
Wrobel, K. H., Bickel, D., Kujat, R., and Schimmel, M. (1995). Configuration and 
distribution of bovine spermatogonia. Cell Tissue Res 279, 277-289. 
Wu, W., Shen, O. X., Qin, Y. F., Niu, X. B., Lu, C. C., Xia, Y. K., Song, L., Wang, S. L., and 
Wang, X. R. (2010). Idiopathic male infertility is strongly associated with aberrant 
promoter Methylation of Methylenetetrahydrofolate Reductase (MTHFR). Plos One 5. 
Yanagimachi, R. (1994a). Mammalian fertilization. In: Knobil, E., Neill, J.D. (Eds.), The 
Physiology of Reproduction, 2nd edition. Raven Press, New York, USA, pp. 189–317.  
Yanagimachi, R. (1994b). Fertility of mammalian spermatozoa: its development and 
relativity. Zygote 2, 371-372. 
Yauk, C., Polyzos, A., Rowan-Carroll, A., Somers, C. M., Godschalk, R. W., Van Schooten, 
F. J., Berndt, M. L., Pogribny, I. P., Koturbash, I., Williams, A., Douglas, G. R., and 
Kovalchuk, O. (2008). Germ-line mutations, DNA damage, and global 
hypermethylation in mice exposed to particulate air pollution in an urban/industrial 
location. Proc Natl Acad Sci USA 105, 605-610. 
Yoshinaga, K., Tanii, I., Oh-Oka, T., and Toshimori, K. (2001). Changes in distribution and 
molecular weight of the acrosomal protein acrin2 (MC41) during guinea pig 
spermiogenesis and epididymal maturation. Cell Tissue Res 303, 253-261. 
Yoshinaga, K., and Toshimori, K. (2003). Organization and modifications of sperm acrosomal 
molecules during spermatogenesis and epididymal maturation. Microsc Res Techniq 
61, 39-45. 
Yuan, Y. Q., Van Soom, A., Leroy, J. L., Dewulf, J., Van Zeveren, A., de Kruif, A., and 
Peelman, L. J. (2005). Apoptosis in cumulus cells, but not in oocytes, may influence 
bovine embryonic developmental competence. Theriogenology 63, 2147-2163. 
  
CHAPTER 2 
 
 
 
 
 
 
 
AIMS OF THE STUDY 

Chapter 2  37 
 
Mammalian spermatozoa are specialized cells that are generated through a prolonged 
and highly complex process called spermatogenesis. During spermatogenesis, especially at 
post-meiotic stages of spermatogenesis, extensive remodeling occurs leading to highly 
chromatin condensed spermatozoa. Heat stress induced by scrotal insulation as short as 48 h 
already induces chromatin alterations in spermatozoa. Another problem that heat stress 
creates is increased oxidative stress, both in testis or epididymis and in the female 
reproductive tract which may further compromise the fertilizing ability of spermatozoa. Since 
the ultimate destination of a spermatozoon is to meet with the oocyte and finally to deliver a 
haploid male genome during fertilization, spermatozoon having compromised quality may 
reduce the potential for fertilization, subsequent embryo development and quality. 
Understanding the molecular mechanism(s) responsible for such compromised sperm quality 
would be helpful in preventing or minimizing the stress effects.  
Therefore, the aims of this PhD thesis are to investigate the effects of stresses in the 
form of heat stress and oxidative stress on spermatozoa using both in vivo and in vitro models.  
In order to obtain the specific aims, this PhD thesis investigated the following research 
questions: 
1. Which stages of bovine spermatogenesis are more susceptible to heat stress using 
scrotal insulated bulls of two different breeds, Holstein-Friesian and Belgian Blue 
bulls (in vivo model)? 
2. Whether protamination of sperm is affected by heat stress as assessed by Fourier 
harmonic analysis for determining subtle changes in sperm nuclear shape in Holstein-
Friesian and Belgian Blue bulls (in vivo model)? 
3. Whether altered chromatin condensation of spermatozoa is related with the dynamics 
of paternal DNA methylation reprogramming in the zygotes after fertilization (in vitro 
model)? 
4. Whether mitogen-activated protein kinase (MAPK) 14 is an important signaling 
pathway in bovine spermatozoa exposed to heat stress (in vitro model)? 
5. Whether the oocyte quality can influence fertilization, embryo development and 
preimplantation blastocyst quality after being fertilized with spermatozoa exposed to 
sublethal oxidative stress (in vitro model)? 
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3.1. Abstract 
The objectives of this study were to identify the stages of spermatogenesis susceptible 
to elevated testicular temperature in terms of sperm motility, viability, morphology, chromatin 
protamination and nuclear shape. The latter two valuable parameters are not included in 
routine semen analysis. Scrotal insulation (SI) was applied for 48 h in 2 Holstein-Friesian 
(HF) and 2 Belgian Blue (BB) bulls and semen was collected at 7 d intervals along with 
semen collection of a non-insulated bull of each breed. Semen samples were frozen and 
assigned to 4 groups: period 1 (preinsulation) = -7 d and 0 d, where 0 d = initiation of SI after 
semen collection; period 2 = 7 d (sperm presumed in the epididymis during SI); period 3 = 14 
d to 42 d (cells presumed at spermiogenesis and meiosis stages during SI); period 4 = 49 d to 
63 d (cells presumed at spermatocytogenesis stage during SI). The percentages of 
progressively motile and viable spermatozoa as assessed by computer-assisted sperm analysis 
(CASA) and fluorescence microscopy, respectively were decreased whereas abnormal sperm 
heads, nuclear vacuoles and tail defects were increased at period 3 (P < 0.05) compared to 
period 1, 2 or 4 in SI bulls of both HF and BB breeds. Protamine deficient spermatozoa as 
observed by chromomycin A3 (CMA3) staining were more present (P < 0.05) at period 2 and 
3 in both breeds compared to period 1 or 4. Sperm nuclear shape as determined by Fourier 
harmonic amplitude (FHA) was most affected by heat stress during period 3 (P < 0.01) and a 
higher response was observed in BB bulls than HF bulls. In conclusion, sperm cells at the 
spermiogenic and meiotic stages of development are more susceptible to heat stress. The lack 
of chromatin protamination is the most pertinent result of heat stress, together with subtle 
changes in sperm head shape, which can be detected by FHA but not by conventional semen 
analysis.  
Key words: Scrotal insulation, Spermatogenesis, Chromatin remodeling, Protamination, 
Nuclear shape, Fourier harmonic amplitude. 
 
3.2. Introduction 
Heat stress is a common cause of reproductive inefficiency in mammals (Hansen, 
2009), owing to negative effects both in males and females. In males, it disrupts 
spermatogenesis by interfering with testicular thermoregulation, which ultimately leads to 
subfertility or infertility (Kastelic et al., 1997; Paul et al., 2008a; 2008b; 2009). Heat stress in 
humans increases the percentage of sperm abnormalities in the ejaculate and consequently 
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insemination of such ejaculates may result in fertilization failure or embryonic death 
(Setchell, 1998; Dada et al., 2003). Elevated environmental temperatures in mice have been 
shown to decrease testicular weight and sperm output as well as to increase DNA 
fragmentation in the spermatozoa (Sailer et al., 1997). In bulls, more sperm abnormalities and 
reduced fertilization rates have been observed during seasons with increased environmental 
temperature (Parkinson, 1987; Koonjaenak et al., 2007a; 2007b).  
Scrotal insulation has become the method of choice to mimic the effects of 
environmental heat stress on spermatogenic cells under controlled conditions. It has 
frequently been used to study the nature and magnitude of sperm defects in bulls (Vogler et 
al., 1991; 1993; Walters et al., 2006; Fernandes et al., 2008). Several mechanisms may be 
responsible for heat-induced adverse effects on spermatogenic cells. Besides the direct effect 
of heat stress, tissue hypoxia is likely to be one of the consequences of heat stress since the 
blood supply in the testes cannot compensate for the increased need for tissue metabolism 
(Galil and Setchell, 1988; Setchell, 1998; Paul et al., 2009). Oxidative stress is another 
important cause of heat-induced spermatogenic cell damage, resulting in defective chromatin 
protamination (Agarwal and Allamaneni, 2005) and ultimately leading to apoptosis and DNA 
fragmentation of spermatozoa (Paul et al., 2008a; 2008b; 2009).  
Spermatogenesis in bulls takes approximately 61 days which is generally divided into 
3 stages: 1) spermiogenesis, 2) meiosis, and 3) spermatocytogenesis (Johnson et al., 2000) 
followed by 8-11 days of epididymal maturation (Vogler et al., 1991).  In humans, the male 
germ line stages which are most susceptible to heat insult are the spermatocytes and 
spermatids (Setchell, 1998) which are at the stages of meiosis and spermiogenesis, 
respectively at the time of the heat stress.  Also intermediate and B-type spermatogonia (cells 
at later stages of spermatocytogenesis) have been found to be affected by heat stress but the 
spermatozoa that are in the epididymis remained largely unaffected (Ross and Entwistle, 
1979). Several studies in bulls (Vogler et al., 1991; Walters et al., 2004; Fernandes et al., 
2008; Newton et al., 2009) have reported the adverse effect of heat stress on sperm motility 
and morphology but the exact stages of spermatogenesis during which such defects occur 
have not yet been fully documented.  
Sperm cells during the spermatogenic and meiotic stages of development undergo 
extensive remodeling; initially nucleoprotein histones are replaced by nonhistone transition 
proteins and finally by protamines (Gaucher et al., 2010). Protamines are involved in 
Chapter 3  43 
 
packaging the sperm chromatin in such a way that the paternal genome remains functionally 
inert and protected, and a striking reduction in nuclear volume is achieved (Rathke et al., 
2007; Ward, 2010; Johnson et al., 2011). Protamine deficiency in mice increases sperm 
abnormalities and DNA damage and decreases sperm motility (Cho et al., 2001). Moreover, it 
causes defective chromatin condensation and, in turn, changes the sperm nuclear shape (Cho 
et al., 2003). In fact, the subtle differences among sperm nuclear shape, which are not 
detectable by conventional microscopic examination, can be identified by Fourier harmonic 
analysis (Ostermeier et al., 2001a). The technique describes the sperm nuclear shape by 6 
harmonic amplitudes (HA) namely, HA0-HA5 (Ostermeier et al., 2001a; Ostermeier et al., 
2001b; Geiger, 2003). The HA of the sperm nuclear shape have been described and found to 
differ between breeds such as dairy vs. beef breeds (Geiger, 2003), Bos indicus vs. crossbred 
(Siddiqui, 2008) and between high and low fertility bulls (Ostermeier et al., 2001a; Siddiqui, 
2008). Ostermeier et al.( 2001a; 2001b) speculated that such subtle change in the sperm 
nuclear shape occurs due to defective chromatin packaging, but no further study has been 
done to investigate the relationship of defective chromatin packaging and the ability of FHA 
to identify such aberration. 
The objectives of this study were 1) to identify the stages of spermatogenesis at which 
the sperm cells are more susceptible to thermal insult, 2) to evaluate the effect of thermal 
insult on the sperm chromatin protamination, and 3) to identify the subtle changes in sperm 
nuclear shape by FHA that occur from defective chromatin protamination. In addition, dairy 
Holstein-Friesian (HF) and beef Belgian Blue (BB) bull semen was used to investigate if such 
thermal insult equally affects both cattle breeds.  
 
3.3. Materials and methods 
3.3.1. Animals, semen collection and freezing 
Six bulls, three HF and three BB were used in this experiment. The HF and BB bulls 
were selected on their ability to produce freezable quality semen suitable for commercial 
artificial insemination (AI) and they were housed in the CRV facilities (Holstein-Friesian 
breed, Arnhem, The Netherlands) and AWE bull station (Belgian Blue breed, Ciney, 
Belgium), respectively. The age of HF and BB bulls was between 60 to 89 months and 41 to 
43 months old, respectively. Semen was collected by means of an artificial vagina. Two 
ejaculates were collected from the same bull and pooled at each given point of time. Semen 
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was extended and loaded into 0.25 ml plastic straws at ambient temperature (18 to 20°C) and 
cooled to 5°C. Freezing was started by transferring straws into a programmable freezing 
machine (IMV-Digitcool, L'Aigle, France) at 5°C. Straws were cooled further to -10°C at -
4°C/ min, and from -10°C to -140°C at -40°C/min, and were subsequently plunged into liquid 
nitrogen. 
 
3.3.2. Scrotal insulation of the testes 
Scrotal insulation was performed for 48 h in 4 bulls (2 HF and 2 BB) to mimic 
naturally occurring heat stress. One bull from each breed was used as non-insulated control to 
identify if there was any ambient temperature effect throughout the study period. Scrotal 
insulation of the testes was induced by wrapping the scrotum with a sack made of insulating 
material held in place by VELCRO® and medical tape. Scrotal sacks consisting of two layers 
of waterproofed nylon with an insulating layer of polyester batting inside the nylon layers. 
The scrotum was put into the sack and loosely fastened for 30 min to allow for complete 
descending of the testicles. Afterwards the sack was readjusted to ensure complete coverage 
of the scrotum and scrotal neck up to the body wall (Fig. 1). During insulation, care was taken 
not to interfere with testicular blood circulation but at the same time the sack was secured 
enough to avoid early fall off. Following final placement of the sack, bulls were partially 
restrained in the stable for 48 h and allowed to lie down, stand, eat and drink freely. The 
experiment was conducted in October 2009. This month was chosen to avoid excessively high 
summer temperatures.  
 
  
Fig. 1. Representative pictures of scrotal insulation in Holstein-Friesian and Belgian Blue bulls. 
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3.3.3. Evaluation of semen after freezing 
Three frozen semen straws from each collection day were thawed in a water bath at 
37°C for 1 min and pooled into a 1.5-ml eppendorf tube. The semen sample was coded so that 
the evaluator did not know the ejaculates number and/or the bulls’ identity. Subsequently 
semen sample was evaluated for motility by CASA, viability by fluorochromes (SYBR-14 
and propidium iodide), morphology by phase contrast microscopy after fixing spermatozoa in 
0.1% paraformaldehyde, protamine deficiency by CMA3 staining and nuclear shape by 
Fourier harmonic analysis.   
 
3.3.4. Motility assessment by CASA 
Computer-assisted sperm analysis was carried out using a Hamilton-Thorne motility 
analyzer (CEROS version 12.3d; Hamilton-Thorne Research, Beverly, MA, USA) (Fig. 2). 
The parameter settings were: Frame rate = 60 Hz; Number of frames captured = 30; Minimum 
contrast = 20; Minimum cell size = 10 pixels; Non-motile head size = 5 pixels; Non-motile 
head intensity = 20; Medium path velocity (VAP) cut-off = 50 µm/s; Straightness (STR) cut-
off = 70 %; Low VAP cut-off = 30 µm/s; Low straight line velocity (VSL) cut-off = 15 µm/s 
as described by Hoflack et al. (2007) with little modifications. Using the playback facility, 
preliminary trials were performed to evaluate whether the sperm cells were correctly 
identified. Ten microliter of diluted semen was placed on a prewarmed (37°C) Makler 
chamber and the progressive motility (%) was analyzed using a 10× negative phase contrast 
objective.  
 
  
Fig. 2. Computer-assisted sperm analysis (CASA) system (Hamilton-Throne motility analyzer). 
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3.3.5. Viability of spermatozoa 
Sperm viability was determined by fluorescent staining techniques described by 
Siddiqui (2008) with minor modifications. Briefly, frozen-thawed semen was diluted at 1:3 in 
BGM-3 (bovine gamete medium-3; Parrish et al. (1989)) and stained with SYBR-14 
(1µM/ml) and propidium iodide (2.4 µM/ml) (Live-dead kit, Molecular Probes, Eugene, OR, 
USA) by incubating 15 min at 37°C in the dark. After placing a drop of stained semen on a 
prewarmed slide under an epifluorescent microscope (Leica, DMR, Van Hopplynus, Brussels, 
Belgium) which was equipped with a digital camera and imaging software CellA (Olympus, 
Aartselaar, Belgium), images were captured (200× magnification) and analyzed. Green tracks 
and dots on the images were considered as viable, while the red dots were dead spermatozoa 
(Fig. 3). At least 200 spermatozoa were counted and the results were expressed as a 
percentage of the total count.  
 
 
Fig. 3. Digital picture of spermatozoa stained with SYBR-14 and propidium iodide (200×). Green 
tracks and dots are viable while red dots are dead spermatozoa. 
 
3.3.6. Morphology of spermatozoa 
Semen samples were fixed in paraformaldehyde (0.1%). Ten μl semen was put on a 
slide, covered with a cover glass and examined under a microscope that was equipped with 
phase contrast optics at magnification1000× using immersion oil (Olympus BX 51, Tokyo, 
Japan). At least 200 spermatozoa were evaluated for morphological abnormalities as 
described by Barth and Oko (1989). Spermatozoon were classified into one of eight 
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categories: (i) normal morphology; (ii) abnormal head; (iii) nuclear vacuole; (iv) loose head; 
(v)  acrosome defect; (vi) abnormal mid piece and tail; (vii) proximal; or (viii) distal 
cytoplasmic droplet.  Spermatozoa with multiple abnormalities were counted once and the 
most prominent abnormality was recorded. For statistical analysis sperm abnormalities were 
categorized into three classes: (a) head abnormalities (abnormal heads, loose heads and 
acrosome defects), (b) nuclear vacuoles, and (c) tail defects (abnormal mid piece and tails, 
proximal and distal cytoplasmic droplets).   
 
3.3.7. Assessment of sperm chromatin protamination 
Sperm protamine deficiency was evaluated according to (Simoes et al., 2009) with 
minor modifications. Briefly, frozen-thawed semen samples were washed in phosphate-
buffered saline (PBS, Ca2+ and Mg2+ -free) and smeared on clean glass slides. After air drying, 
slides were fixed in Carnoy’s solution (3:1, methanol: glacial acetic acid; Merck, Darmstadt, 
Germany) for 10 min at 4°C. A positive control was prepared by washing sperm in PBS 
containing 5 mM dithiothreitol (DTT; Invitrogen, Carlsbad, CA) and 0.1% Triton X-100 for 
15 min at 37°C which resulted in deprotamination of sperm nuclei. After two washes in PBS 
to remove the detergent and DTT, positive control sperm were fixed in Carnoy’s solution for 
10 min at 4°C and quickly air dried. Slides were incubated for 2 h at room temperature in 
Coplin jar containing a solution of 1 M NaCl and 5 mM DTT in distilled water. After 
incubation, slides were washed thoroughly with distilled water and air dried. Subsequently, 
both positive control and sample slides were treated for 20 min with 100 µl of CMA3 solution 
(0.25 mg/ml in McIlvaine buffer (7 ml citric acid 0.1 M + 32.9 ml Na2HPO4.7H2O, 0.2 M, pH 
7.0, containing 10 mM MgCl2). Slides were washed in PBS and treated with Hoechst 33342 
solution (5 µg/ml) for 5 min to determine the total number of sperm cells. The slides were 
rinsed in PBS and mounted with 1,4-diazabicyclo (2.2.2) octane (DABCO). The images of the 
slides were captured using a microscope equipped with fluorescence, digital camera and 
imaging software CellA at 400× magnification (oil immersion). At least 500 sperm cells were 
evaluated per slide. Protamine deficient sperm (CMA3-positive) were identified as having a 
bright yellow color as opposed to those with a dull yellow color (CMA3-negative). The 
positive control and sample sperm stained by CMA3 are shown in Fig. 4A and 4B, 
respectively. 
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Fig. 4A. Protamine deficient spermatozoa (positive control) stained with CMA3 stain after 
deprotaminated by dithiothreitol (DTT); 4B. Protamine deficient spermatozoa stained with CMA3 
stain (bright yellow color; 400×).  
 
3.3.8. Determination of the nuclear shape of live spermatozoa by Fourier harmonic analysis 
Sperm nuclear shape images were evaluated according to Siddiqui (2008) with little 
modifications. Briefly, frozen-thawed semen (300 µl) was stained with Hoechst 33342 (100 
µg/ml) and YOYO-1 (0.0015 µg/ml) (Molecular Probes Inc. Eugene, Oregon, USA) by 
incubation for 15 min at 37°C in the dark followed by Percoll gradient centrifugation (10 min 
at 700 g). The sperm pellet (90% Percoll) was aspirated together with an equal amount of 
interface (45% Percoll), to obtain both live and dead sperm, and suspended in 500 µl BGM-3, 
centrifuged for 6 sec at 8000 rpm and fixed briefly in paraformaldehyde (0.1%, 1 min). After 
a second washing in BGM-3, the sperm pellet was diluted in distilled water, a smear was 
prepared on a clean glass slide and dried quickly at 39-40°C by blowing hot air from the top 
so that the spermatozoa lay flat on the slide. The slide was examined at 1000× magnification 
(oil immersion) equipped with epifluorescence and phase contrast optics. Three different 
images from the same focus field were captured sequentially. The images were: (i) phase 
contrast (all spermatozoa), (ii) Hoechst (all sperm nuclei), and (iii) YOYO-1 (dead sperm 
nuclei). The images were saved, archived and transferred via internet to the image analysis 
laboratory (Dr. Parrish’s Lab, Department of Animal Sciences, University of Wisconsin-
Madison, USA) to generate the measurement of the harmonic amplitudes of spermatozoa. 
Images were analyzed using the open source software, ImageJ from the National Institute of 
Health. Custom macros were written to process images similar to previously reports 
(Ostermeier et al., 2001a; Ostermeier et al., 2001b; Siddiqui, 2008). Harmonic amplitudes of 
randomly selected 100 spermatozoa were determined by summation of the Fourier functions 
using a multiple trigonometric regression model in Statistical Analysis System (SAS Version 
A B 
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8.0, SAS Institute, Cary, NC). Harmonic amplitude (HA) frequencies 0 to 5, as illustrated in 
Fig. 5, were used to describe sperm nuclear shape and analysis (Parrish et al., 2006). 
 
 
Fig. 5. Shape contributions of Fourier harmonic amplitudes: the labeled arrows indicate the perimeter 
points where each of the harmonic amplitude has its effect. Harmonic amplitude 0 (HA0) affects the 
overall size of the spermatozoa, HA1 affects the roundness of the anterior portion of the sperm head, 
HA2 represents elongation of the sperm head while HA3, 4 and 5 deal with tapering of the posterior 
portion of the sperm head (Parrish et al., 2006). 
 
3.3.9. Experimental design 
Semen was collected once in a week during the study period starting at d 7 prior to SI 
until d 63 after initiation of SI. To compare the susceptibility of spermatozoa to SI during the 
different stages of spermatogenesis, the ejaculates were assigned to four different periods: 
period 1 = preinsulation (- 7 and 0 d, where 0 d was day of SI), semen collections during  a 
control period;  period 2 = postinsulation (+ 7 d), semen collection during a period when 
spermatozoa presumably were present in the epididymis at the time of scrotal insulation; 
period 3 = postinsulation (+14, + 21, + 28, + 35, + 42 d), semen collections during a period 
when cells were presumably undergoing spermiogenesis and meiosis stages of development at 
the time of scrotal insulation and period 4 = postinsulation (+ 49, + 56 and + 63 d), semen 
collections during a period when cells presumably were undergoing spermatocytogenesis 
stage of development at the time of scrotal insulation (Fig. 6). Semen collection from the 
control bulls (non-insulated) at the same time points as SI bulls was used to examine whether 
the effect in insulated bulls was due to ambient temperature instead of SI.  To investigate the 
SI effect on different periods of semen collection, mean data generated from the assigned 
ejaculates within the periods were used.      
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Fig. 6. Germ cells at different stages of spermatogenesis with histones replacement initially by 
transition proteins and finally by protamines which resulted in condensed chromatin conformation. 
SPG indicates spermatogonia; PS, primary spermatocyte; RS, round spermatid; SP, spermatozoa; EM, 
epididymal maturation and EST, epididymal storage. Germ cells enter into different stages of 
spermatogenesis (spermatocytogenesis, meiosis and spermiogenesis) and finally mature in the 
epididymis before being ejaculated (Vogler et al., 1991; Johnson et al., 2000).      
 
3.3.10. Statistical Analysis 
General linear models (repeated measure analysis of variance) were used to assess 
possible differences between the two breeds and among the 4 periods of semen collection for 
the following parameters: progressively motile spermatozoa, viable spermatozoa, sperm 
abnormalities (head abnormalities, nuclear vacuoles and tail defects) and sperm protamine 
deficiencies. Non-insulated control animals were not included in the statistical analyses 
because they were only included for descriptive purposes to identify if there was any ambient 
temperature effect throughout the study period, and because only one bull for each breed was 
included. The mean 6 harmonic amplitude frequency data were fitted into multivariate 
analysis of variance (MANOVA) and individual harmonic amplitude data were fitted into 
univariate ANOVA to determine the effect of scrotal insulation in relation with period in HF 
and BB bulls separately. Post hoc Scheffe test was used to identify the susceptibility for 
scrotal insulation among periods. Canonical discriminant analysis was used between period 1 
and 3 to determine the discrimination of 6 harmonic amplitude frequencies within the breed. 
Canonical correlation (r*) which assesses the discriminant function indicates the relation of 
the harmonic amplitude frequencies between groups (period 1 and 3) (Ostermeier et al., 
2001a). The statistical analyses were conducted by using SPSS version 17. Differences were 
considered to be statistically significant at 5 % level (2-sided test).  
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3.4. Results 
3.4.1. Computer-assisted sperm motility analysis 
The comparison of the percentage of progressively motile spermatozoa (mean ± SD) 
among four periods of semen collection (period 1 to 4) in HF and BB bulls as analyzed by 
CASA is shown in Fig. 7A. Scrotal insulation reduced the percentage of progressively motile 
spermatozoa during period 3 (P < 0.05) in comparison with period 1, 2 or 4. The percentage 
of progressively motile spermatozoa was lower (P < 0.05) in BB bulls in comparison with HF 
bulls.   
 
3.4.2. Epifluorescence sperm viability analysis 
The comparison of the percentage of viable spermatozoa (mean ± SD) among four 
periods of semen collection (period 1 to 4) in HF and BB bulls is shown in Fig. 7B. Scrotal 
insulation reduced the percentage of viable spermatozoa during period 3 (P < 0.05) in 
comparison with period 1, 2 or 4. The percentage of viable spermatozoa was lower (P < 0.05) 
in BB bulls in comparison with HF bulls.   
  
 
Fig. 7. (A, B) Mean (± SD) percentages of progressively motile and viable spermatozoa as measured 
by CASA and fluorescence microscopy in the ejaculates collected before and after scrotal insulation of 
HF (solid line with plus error bars) and BB bulls (dashed line with minus error bars), respectively. P1 
indicates period 1 (ejaculates collected before scrotal insulation; -7 d and 0 d), P2 indicates period 2 
(ejaculate collected after scrotal insulation while sperm presumed in the epididymis; 7 d), P3 indicates 
period 3 (ejaculates collected after scrotal insulation while cells presumed at the stages of 
spermiogenesis and meiosis; 14 d to 42 d) and P4 indicates period 4 (ejaculates collected after scrotal 
insulation while germ cells presumed at the stages of spermatocytogenesis; 49 d to 63 d). General 
linear models (repeated measures analysis of variance) identified that sperm progressive motility and 
viability were lower (P < 0.05) at period 3 compared to period 1, 2 or 4. 
10 
20 
30 
40 
50 
-7 0 7 14 21 28 35 42 49 56 63 
HF bulls BB bulls 
P1 P2 P3 P4 
Pr
og
re
ss
iv
e 
m
ot
ili
ty
 (%
) 
20 
30 
40 
50 
60 
-7 0 7 14 21 28 35 42 49 56 63 
HF bulls BB bulls 
V
ia
bi
lit
y 
(%
) 
P1 P2 P3 P4 
A B 
52  Chapter 3 
 
3.4.3. Sperm morphology analysis 
The comparison of the percentage of abnormal spermatozoa (mean ± SD) among four 
periods of semen collection (period 1 to 4) in HF and BB bulls is shown in Fig. 7C and 7D, 
respectively. The effect of scrotal insulation on sperm morphology was most pronounced 
during period 3 (P < 0.05) in comparison with period 1, 2 or 4 in both HF and BB bulls as 
evidenced by higher percentages of head abnormalities, nuclear vacuoles and tail defects. 
Significantly higher percentages of sperm abnormalities such as head abnormalities (P < 
0.05), nuclear vacuoles (P < 0.001), and tail defects (P < 0.05) were observed in BB bulls in 
comparison with HF bulls. 
 
  
Fig. 7. (C, D) Mean (± SD) percentages of head abnormalities (solid lines), tail defects (dashed lines) 
and nuclear vacuoles (dotted lines) as evaluated by phase contrast microscopy in the ejaculates 
collected before and after scrotal insulation of HF and BB bulls, respectively. P1 indicates period 1 
(ejaculates collected before scrotal insulation; -7 d and 0 d), P2 indicates period 2 (ejaculate collected 
after scrotal insulation while sperm presumed in the epididymis; 7 d), P3 indicates period 3 (ejaculates 
collected after scrotal insulation while cells presumed at the stages of spermiogenesis and meiosis; 14 
d to 42 d) and P4 indicates period 4 (ejaculates collected after scrotal insulation while germ cells 
presumed at the stages of spermatocytogenesis; 49 d to 63 d). General linear models (repeated 
measures analysis of variance) identified that sperm abnormalities were higher (P < 0.05) at period 3 
compared to period 1, 2 or 4. 
 
3.4.4. Chromatin protamination assessment 
The comparison of the percentage of protamine deficient spermatozoa (mean ± SD) as 
determined by CMA3 among four periods of semen collection (period 1 to 4) in HF and BB 
bulls is shown in Fig. 7E. Scrotal insulation increased the percentage of protamine deficient 
spermatozoa during period 2 and 3 (P < 0.05) in comparison with period 1 or 4 in HF bulls. 
Likewise, in BB bulls, scrotal insulation increased the percentage of protamine deficient 
spermatozoa during period 2 (P < 0.01) and period 3 (P < 0.001) in comparison with period 1 
or 4. The percentage of protamine deficient spermatozoa was higher (P < 0.05) in BB bulls in 
comparison with HF bulls.  
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Fig. 7E. Mean (± SD) percentages of protamine deficient spermatozoa as investigated by CMA3 
staining in the ejaculates collected before and after scrotal insulation of HF (solid line with minus error 
bars) and BB bulls (dashed line with plus error bars), respectively. P1 indicates period 1 (ejaculates 
collected before scrotal insulation; -7 d and 0 d), P2 indicates period 2 (ejaculate collected after scrotal 
insulation while sperm presumed in the epididymis; 7 d), P3 indicates period 3 (ejaculates collected 
after scrotal insulation while cells presumed at the stages of spermiogenesis and meiosis; 14 d to 42 d) 
and P4 indicates period 4 (ejaculates collected after scrotal insulation while germ cells presumed at the 
stages of spermatocytogenesis; 49 d to 63 d). Protamine deficient spermatozoa at period 2 and 3 were 
higher for HF (P < 0.05) and BB bulls (P < 0.01) compared to period 1 or 4. 
 
3.4.5. Fourier harmonic analysis of sperm nuclear shape 
The comparison of the results for the nuclear shape of the sperm head as analyzed by 
Fourier harmonic amplitude frequencies 0-5 (mean ± SD) for spermatozoa among four 
periods of semen collection (period 1 to 4) in HF and BB bulls is shown in Table 1 and Table 
2, respectively. In both HF and BB bulls, scrotal insulation was shown to affect sperm head 
shape most prominently during period 3 in comparison with period 1, 2 or 4 (MANOVA, P < 
0.01). In HF bulls,  harmonic amplitude at frequencies 0 and 1 was greater at period 3 in 
comparison with period 1, 2 or 4 (ANOVA; P < 0.05). On the other hand, in BB bulls, 
harmonic amplitude at frequencies 0, 1 and 3 were increased but 2 and 4 were decreased at 
period 3 in comparison with period 1, 2 or 4 (ANOVA; P < 0.05). Discriminant analysis 
demonstrated that sperm nuclear shapes were different in HF (r* = 0.92; P < 0.01) and BB 
bulls (r* = 0.93; P < 0.01) between period 1 and period 3. Based on the greater absolute value 
of canonical structure (Table 3), the order sequence of harmonic amplitudes affected by 
scrotal insulation was listed for HF (0, 1, 3, 5, 4 and 2) and BB bulls (0, 2, 4, 3,1 and 5), 
respectively. These results indicate that BB bulls are more susceptible to scrotal insulation in 
comparison to HF bulls with respect to deformations of the sperm head, as assessed by FHA.  
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Table 1. Effect of thermal insult on harmonic amplitudes (HAs, mean ± SD; µm) at Fourier 
frequencies 0-5 at different periods of semen collection in Holstein-Friesian bulls. 
HAs Period 1 Period 2 Period 3† Period 4 
HA0 3.190 ± 0.009a 3.180 ± 0.029a 3.242 ± 0.019b 3.178  ± 0.016a 
HA1 0.157 ± 0.009a 0.153 ± 0.001a 0.191 ± 0.015b 0.164 ± 0.021a 
HA2 1.180 ± 0.013 1.176 ± 0.012 1.183 ± 0.029 1.191 ± 0.019 
HA3 0.116 ± 0.013 0.122 ± 0.017 0.123 ± 0.013 0.119 ± 0.013 
HA4 0.272 ± 0.009 0.276 ± 0.013 0.275 ± 0.016 0.280 ± 0.017 
HA5 0.125 ± 0.024 0.132 ± 0.028 0.130 ± 0.021 0.124 ± 0.026 
† Sperm nuclear shape differed at period 3 in comparison with period 1, 2 or 4 (MANOVA, P < 0.01). 
a,b Values with different superscript letters in the same row differ significantly (ANOVA, P < 0.05) 
 
Table 2. Effect of thermal insult on harmonic amplitudes (HAs, mean ± SD; µm) at Fourier 
frequencies 0-5 at different periods of semen collection in Belgian Blue bulls. 
 
HAs Period 1 Period 2 Period 3† Period 4 
HA0 3.157 ± 0.003a 3.161 ± 0.009a 3.190 ± 0.015b 3.162  ± 0.007a 
HA1 0.150 ± 0.006a 0.152 ± 0.011ab 0.175 ± 0.016b 0.160 ± 0.009ab 
HA2 1.201 ± 0.028a 1.171 ± 0.047ab 1.130 ± 0.028b 1.175 ± 0.029ab 
HA3 0.118 ± 0.019a 0.139 ± 0.007ab 0.144 ± 0.009b 0.139 ± 0.014ab 
HA4 0.304 ± 0.044a 0.283 ± 0.009ab 0.230 ± 0.028b 0.243 ± 0.034ab 
HA5 0.105 ± 0.010 0.091 ± 0.030 0.095 ± 0.019 0.094 ± 0.022 
† Sperm nuclear shape differed at period 3 in comparison with period 1, 2 or 4 (MANOVA, P < 0.01). 
a,b Values with different superscript letters in the same row differ significantly (ANOVA, P < 0.05) 
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Table 3. The canonical coefficients and structures of harmonic amplitudes at Fourier 
frequencies 0-5 between period 1 (prescrotal insulation) and Period 3 (scrotal insulation) in 
Holstein-Friesian and Belgian Blue bulls. 
  
Holstein-Friesian Bulls 
 
Belgian Blue Bulls 
HAs Canonical Canonical 
 
Canonical Canonical 
 
Coefficient* Structure† 
 
Coefficient* Structure† 
0
 
1.041 0.544 
 
-0.651 -0.633 
1 
 
1.207 0.433 
 
-0.647 -0.380 
2 
 
-0.454 -0.009 
 
0.122 0.535 
3 
 
-1.300 0.104 
 
1.677 -0.417 
4 
 
0.219 0.031 
 
2.126 0.463 
5 
 
0.899 0.040 
 
-0.070 0.116 
*Canonical coefficients denote the unique contribution of each harmonic amplitude to the discriminant 
function. †Canonical structure coefficients denote the simple correlations between the harmonic 
amplitudes and the discriminant function. The largest absolute value has the highest contribution to the 
discrimination.  
 
 
3.5. Discussion 
Increased testicular temperature affected mostly those sperm cells that were at 
spermiogenic and meiotic stages of development at the time of scrotal insulation. We showed 
that the higher sensitivity to scrotal insulation during spermiogenic and meiotic stages is due 
to the occurrence of defective sperm chromatin remodeling which might in part be related to 
lack of protamination in DNA conformation and, in turn, may lead to alterations in sperm 
nuclear shape. 
A significant decrease in progressive sperm motility as assessed by CASA was 
observed at period 3 (14, 21, 28, 35 and 42 d) compared to period 1, 2 or 4 in both HF and BB 
bulls. The reason for this lowered sperm motility in our study at period 3 may be related to the 
higher number of dead and morphologically abnormal spermatozoa (Dresdner and Katz, 
1981; Hoflack et al., 2007). We then investigated sperm viability by fluorescent staining 
which showed a marked decrease in viability at period 3 compared to period 1, 2 or 4. The 
influence of sperm morphological abnormalities on motility characteristics has already been 
demonstrated in the ejaculated semen (Johnston et al., 1995; Mahmoud et al., 1998). In 
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agreement with the other findings, a sharp increase in sperm morphological abnormalities was 
observed in the present study in the ejaculates of period 3 in both HF and BB bulls. The 
predominant types of abnormalities were abnormal heads (acrosome defects, pyriform-shaped 
heads, micro- and macro-cephalic heads), nuclear vacuoles and tail defects. Scrotal insulation 
is known to induce sperm abnormalities according to the stages of development and 
maturation of germ cells (Vogler et al., 1993; Fernandes et al., 2008). Thus, the changes in 
the bovine spermiogram have a strong relationship with the time of heat insult and collection 
of semen. In our study, we have collected semen up to 9-weeks following insulation of bulls 
for 48 h and assigned it to 4 periods (Fig. 6). There were no significant changes in sperm 
characteristics of semen collected at period 2, probably because at this time of SI, 
spermatozoa were in the epididymis (Amann and Schanbacher, 1983; Fernandes et al., 2008). 
Importantly, we found a higher percentage of sperm abnormalities at period 3, the time at 
which the germ cells were presumably at the stages of spermiogenesis and meiosis during 
scrotal insulation. Our results, in particular the increased occurrence of head abnormalities 
and nuclear vacuoles, are comparable to other findings (Vogler et al., 1991; Fernandes et al., 
2008). The increased incidence of these sperm abnormalities in that specific period is 
considered to be related to defective chromatin condensation during the acrosome and Golgi 
phase of spermiogenesis (Barth and Oko, 1989). Notably, sperm abnormalities returned to 
preinsulation levels at period 4, since the germ cells at the stage of spermatocytogenesis 
during insulation apparently were not adversely affected (Ross and Entwistle, 1979). 
Simultaneously, we have collected semen from control bulls and investigated the sperm 
abnormalities both in HF (25%) and BB (46%) bulls (data not shown) and our results were in 
agreement with a similar study (20% in HF and 47% in BB bulls) of Hoflack et al. (2007). 
We; however, additionally investigated sperm nuclear vacuoles, chromatin protamination and 
nuclear shape: these abnormalities were more prominent in BB bull semen in comparison with 
HF bulls, but no differences were observed among periods of semen collection. Therefore, the 
sudden decline in the percentage of normal spermatozoa of the SI bulls at period 3 was most 
probably due to the scrotal insulation. The percentage of abnormal heads, nuclear vacuoles 
and tail defects was higher at period 3 in both breeds but these abnormalities were in general 
2-4 times higher in BB bulls compared to HF bulls. The increased sperm abnormalities in BB 
bulls might be related to their lower testicular thermoregulatory capability in comparison with 
HF bulls. Generally in mammals, testes descended in the scrotum require a temperature of 4 
to 5°C lower than body-core temperature for normal spermatogenesis (Kastelic et al., 1996; 
Ivell, 2007). The temperature within the testis is maintained by the characteristic arterio-
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venous plexus on one hand and two important muscles, tunica dartos and cremaster on the 
other hand. In this respect, testicular thermoregulatory capability might be different among 
cattle breeds. Indeed, better testicular thermoregulatory capability is associated with increased 
pendulosity of the scrotal shape, testicular artery length and volume, and decreased arterial-
venous blood distance in the testicular vascular cone (Kastelic et al., 1997; Brito et al., 2004). 
Moreover, increased scrotal circumference is strongly associated with higher sperm output 
and semen quality and has become a reliable indicator for breed differences. Hoflack et al. 
(2008) reported that BB bulls younger than 48 months had a below threshold scrotal 
circumference (44%) in comparison with HF bulls (17.6%) and showed reduced semen 
quality, which might be related to poor scrotal/testicular thermoregulation. This is reflected in 
practice by the fact that after a trivial stress, such as environmental temperatures exceeding 
30°C, BB bulls seem to be more sensitive to this heat insult and show reduced semen quality 
in the weeks after (Hoflack, personal communication). Such drops in semen quality have been 
related to the higher amount of testicular interstitial collagen fibers in BB bulls compared to 
HF bulls, which might be the underlying cause for their higher sensitivity to heat stress as 
well as to increased proneness to testicular degeneration (Hoflack et al., 2008). 
The underlying causes for the lower semen quality at period 3 are probably many fold. 
Apart from hypoxia and oxidative stress (Aitken et al., 1998; Paul et al., 2008a; 2008b; 2009), 
protamine deficiency may be one of the causes as during spermiogenesis, protamine (which is 
arginine-rich) binds with the minor groove of double-stranded DNA and the chromatin 
structure of the spermatozoa acquires a condensed form. Chromomycin A3 is a DNA-sensitive 
fluorochrome that serves as a marker for poor chromatin compaction in the absence of 
protamines (Bizzaro et al., 1998; Nasr-Esfahani et al., 2004; De Iuliis et al., 2009). 
Consequently, we assessed the protamine deficiency in sperm cells by CMA3 staining and we 
found a significant increase in protamine deficient spermatozoa at period 3 in comparison to 
period 1 or 4. The highly significant rise of protamine deficient sperm cells at period 3 
indicate that scrotal insulation at least in part causes defective chromatin protamination. In 
addition, we also observed increased protamine deficiency at period 2 compared to period 1 or 
preinsulation levels. The increased protamine deficiencies at period 2 can partly be explained 
by the fact that heat stress has also an adverse effect on sperm chromatin protamination during 
epididymal maturation where protamine (which is cysteine-rich) is thought to confer 
additional chromatin stability by intra- and inter-molecular disulfide crosslinks (Balhorn et 
al., 1991; Johnson et al., 2011). In our study, the percentage of protamine deficient 
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spermatozoa ranging between 0.3 to 1% in control bulls or preinsulation period of SI bulls 
was comparable to the data of Bench et al. (1996) where they found around 1% protamine 
deficient spermatozoa. However, the protamine deficiency in control or preinsulation levels in 
our work was higher in comparison to the findings in zebu bulls (Nellore) by Simoes et al. 
(2009). The discrepancy may be due to the different age of the animals or the different 
ambient temperature to which the animals were exposed (Agarwal and Allamaneni, 2005).  
If the above findings agree with our hypothesis, there must be defects in the sperm 
chromatin structure. Since mammalian sperm heads are almost entirely consisting of DNA, 
any changes in DNA or chromatin organization must be reflected in their head shape 
(Steinholt et al., 1994; Karabinus et al., 1997; Sailer et al., 1997). Fourier harmonic analysis 
is an objective approach which describes the multiple perimeter points of sperm nuclear shape 
that has been used successfully for determining sperm chromatin structure and it has been 
related to field fertility of bulls (Ostermeier et al., 2001a; Ostermeier et al., 2001b; Siddiqui, 
2008). The technique can also be used to identify hidden alterations in the sperm chromatin 
structure that may affect subsequent fertilizing capacity of heat-stressed spermatozoa. In our 
study, we found that SI affected sperm nuclear shape and the effects were more pronounced in 
BB bulls compared to HF bulls. In HF bulls, a significant effect of SI was observed by greater 
harmonic amplitude frequencies, HA 0 and HA 1 (Table 1). These indicate that due to heat 
stress the sperm cell loses its tapering structure and becomes more rounded. The tapering of 
the sperm cells has a good correlation with fertility where highly fertile bull produces more 
tapered sperm (Barth et al., 1992; Ostermeier et al., 2001a; Siddiqui, 2008).  In BB bulls, the 
SI affected the sperm nuclear shape by an increase in HA 0, 1 and 3 but a decrease in HA 2 
and 4 (Table 2), which indicates a severe deviation from the tapered and elongated head shape 
to more rounded shape. By conventional semen analysis we could not detect these subtle 
changes relating to the tapered and elongated shape of the sperm head (Fig. 5). The canonical 
structure of discriminant analysis identifies the SI effects at period 3 on harmonic amplitudes 
sequence for HF (0, 1, 3, 5, 4 and 2) and BB bulls (0, 2, 4, 3, 1 and 5). The order sequence of 
the harmonic amplitudes in BB bulls seem to be more related to the features of sperm of low 
fertile bulls (Ostermeier et al., 2001a; Siddiqui, 2008). In control bull semen evaluation, 
Fourier harmonic analysis also reveals that the HF bulls’ sperm head is larger (3.21 ± 0.04 µm 
vs. 3.11 ± 0.08 µm) but less elongated (1.18 ± 0.03 µm vs. 1.27 ± 0.09 µm) than the BB bulls’ 
sperm head. The FHA measurements of sperm heads were comparable to the measurements 
of sperm heads as recorded by CASA in a previous study (Hoflack et al., 2007).   
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In conclusion, sperm cells at spermiogenic and meiotic stages of development are 
more susceptible to heat stress, which is possibly due to defective spermatogenesis at a point 
of time during which extensive chromatin remodeling of the cells takes place. Lack of 
protamination may partly be responsible for defective chromatin remodeling and makes the 
sperm cells vulnerable to heat insult. Fourier harmonic amplitudes that describe the sperm 
nuclear shape could objectively be used for determining subtle changes in chromatin 
configuration caused by heat stress and also for assessing breed differences. Belgian Blue 
bulls appear to be more heat stress susceptible than HF bulls which may be due to a difference 
in their thermoregulatory capability. We, therefore, believe that our data will lead to more 
awareness of the impact of heat stress on sperm quality in bulls, which differs between breeds. 
A short period of heat stress (two days) can lead to a prolonged period (one month or more) of 
reduced sperm quality. More importantly, we showed that hidden sperm defects are generated, 
which are not detected by routine semen evaluation, and which may have adverse effects on 
field fertility.    
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4.1. Abstract 
Infertility in male mammals is a complex problem, and can be caused by extrinsic 
(environment, disease) or intrinsic (genetic) factors. During spermatogenesis, germ cells 
undergo epigenetic reprogramming, which may be influenced by environmental conditions. A 
very important epigenetic modification is DNA methylation. Normally differentiated 
spermatozoon has tightly condensed and highly methylated DNA. Shortly after penetration to 
the oocyte, the sperm DNA is actively demethylated (reprogramming), which is required for 
totipotent zygotic development. Aberrant DNA methylation reprogramming is thought to be 
associated with altered chromatin condensation in spermatozoa of suboptimal quality. We 
have recently reported that heat stress inflicted on bulls during spermatogenesis alters sperm 
chromatin condensation. The objectives of this study were to investigate the dynamics of 
DNA methylation reprogramming in the paternal pronucleus and subsequent fertilization 
potential of heat-stressed spermatozoa having altered chromatin condensation (from our 
previous study). In order to do so, bovine zygotes (n = 1239) were collected at three different 
time points, i.e. 12, 18 and 24 hours post insemination (hpi), and stained for methylation with 
an antibody against 5-methylcytosine (5mC). Fluorescence intensities of paternal and 
maternal pronuclei were measured by ImageJ and data were analyzed by means of ANOVA. 
DNA methylation patterns in paternal pronuclei derived from heat-stressed spermatozoa did 
not differ between time points (P > 0.05), whereas control zygotes clearly showed 
demethylation and de novo methylation at 18 and 24 hpi, respectively. Moreover, heat-
stressed spermatozoa showed a highly reduced (P < 0.01) fertilization rate compared to non-
heat-stressed or normal control spermatozoa (53.7% vs. 70.2% or 81.5%, respectively). The 
results of our study show for the first time that the normal pattern of active DNA 
demethylation followed by de novo methylation in the paternal pronucleus is perturbed when 
oocytes are fertilized with heat-stressed spermatozoa which may be responsible for a 
decreased fertilization potential. 
Key words: Heat stress, Altered chromatin condensation, DNA methylation reprogramming.  
 
4.2. Introduction 
The sperm chromatin is almost entirely consisting of DNA which is subjected to 
genome-wide epigenetic reprogramming at different developmental stages. Recent studies 
have emphasized the importance of the sperm epigenetic modifications and their potential 
implications for the developing embryo (reviewed in Jenkins and Carrell, 2012). Epigenetic 
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modifications identified to date consist of two major forms: 1) DNA methylation at the level 
of the cytosine bases and 2) modifications of histones by methylation and acetylation. These 
epigenetic modifications are in fact involved in either inducing a closed chromatin 
configuration restricting gene activation or an open chromatin conformation permitting 
transcription (reviewed in Senner, 2011).  
DNA methylation is the most abundant epigenetic modification that directly affects 
the DNA molecule in mammals. It involves the addition of a methyl group on carbon 5 
position of cytosine, thereby creating 5-methylcytosine (5mC) which is catalyzed by enzymes 
of the DNA methyltransferase (DNMT) family. DNA methylation is required for genomic 
imprinting, gene expression regulation, X chromosomal inactivation, and embryonic 
development (Surani, 1998; Ng and Bird, 1999). This epigenetic modification can activate or 
repress gene transcription at specific sites based on the methylation levels at the promoter 
regions. In fact, hypermethylation blocks the access of the transcriptional machinery and 
thereby inhibits gene expression. On the other hand, hypomethylation facilitates gene 
activation due to increased accessibility of DNA for the polymerase. Methylation of sperm 
DNA occurs at several key stages in the spermatogenetic cycle. In rodents, it has been 
reported that DNA methyltransferase 1 (DMT1) mRNA and proteins are expressed at high 
levels in mitotic and early meiotic stages of germ cells but again are down regulated in 
pachytene spermatocytes (Trasler et al., 1992; Numata et al., 1994; Jue et al., 1995). In 
humans, studies have demonstrated that the methylation pattern of the paternally imprinted 
gene H19 is erased during early fetal life; remethylation is initiated soon after spermatogonia 
enter meiosis and subsequently methylation is completed in the primary spermatocyte 
(Kerjean et al., 2000). Omisanjo et al. (2007) investigated testicular tissue samples from 
fertile men and reported that DMT1 gene expression is restricted to spermatogonia, pachytene 
spermatocytes and round spermatids while DMT1 protein is only expressed in the nucleus of 
spermatogonia and in the cytoplasm of round spermatids. Moreover, spermatogenesis-specific 
genes were found to undergo quite late methylation while maturation takes place within the 
epididymis (Ariel et al., 1994). Therefore, it is clearly evident that any deviation within both 
the testicular and epididymal environment potentially disrupts the establishment of normal 
sperm DNA methylation patterns. 
Exposure of sperm cells to an abnormal environment can happen under several 
circumstances. Tunc and Tremellen (2009) showed that an increased production of reactive 
oxygen species (ROS) in human seminal plasma was positively correlated with DNA 
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fragmentation and negatively correlated with the global DNA methylation pattern. This 
finding indicates that increased levels of sperm DNA fragmentation leads to a decrease in the 
global DNA methylation levels. The mechanism behind oxidative stress and sperm 
demethylation can be related to the generation of DNA strand breaks and formation of DNA 
base adducts, i.e. 8-hydroxyl-2ʹ-deoxyguanosine (8-OH-dG) and O6-methylguanine, which 
interfere with the DNA’s ability to act as a substrate for DNA methyltransferases (Franco et 
al., 2008; De Iuliis et al., 2009). Several studies reported that the presence of 8-OH-dG in 
CpG dinucleotide sequences (Weitzman et al., 1994; Turk et al., 1995; Valinluck et al., 2004) 
or O6-methylguanine (Hepburn et al., 1991) strongly inhibits methylation of adjacent cytosine 
residues and ultimately leads to global DNA hypomethylation. It has additionally been 
reported that global sperm DNA hypomethylation resulted in poor pregnancy outcomes 
among IVF patients (Benchaib et al., 2005). Moreover, aberrant methylation patterns were 
observed in a subset of patients with coinciding protamine ratio abnormalities as well as in 
patients presented with various forms of male factor infertility (Nanassy and Carrell, 2011a; 
2011b). Interestingly, in bulls, we have recently reported that heat stress particularly during 
spermiogenesis and epididymal maturation, increased protamine deficiency in sperm as well 
as altered chromatin condensation (Rahman et al., 2011). Since DNA in normally 
differentiated spermatozoa is tightly condensed and highly methylated, altered chromatin 
condensation lead to the hypothesis that bovine spermatozoa are also subject to aberrant 
methylation reprogramming during heat stress. Nevertheless, no studies have yet been 
published that investigated this hypothesis.  
Therefore, taking into account that methylation patterns in both paternal and maternal 
pronucleus are prone to changes shortly after fertilization (Surani et al., 2007), our objectives 
were to investigate 1) the DNA methylation reprogramming in both paternal and maternal 
pronuclei at different time points of pronuclear development, 2) sizes of both paternal and 
maternal pronuclei, and 3) the fertilization potential of heat-stressed spermatozoa having 
altered chromatin condensation.     
 
4.2. Materials and methods 
4.2.1. Antibodies 
A mouse monoclonal anti-5-methylcytidine antibody (5mC) was purchased from 
Eurogentec (Seraing, Belgium). Goat anti-mouse IgG secondary antibody (Alexa Fluor 
488/594-conjugated form, Molecular Probes, Eugene, Oregon) was used to detect the 5mC 
primary antibody.  
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4.2.3. Semen samples 
In our previous study (Rahman et al., 2011), four bulls (2 Holstein and 2 Belgian 
Blue) were subjected to scrotal insulation for 48 h to induce heat stress to sperm cells 
throughout the spermatogenic cycle. Semen samples were collected once in a week prior to 
and 9 weeks following scrotal insulation (Day 0). Pre-insult collections (Day -7 and 0) served 
as non-heat-stressed control samples. Semen samples collected at Day 7 through 63 
represented sperm cells which were exposed to heat stress (by scrotal insulation) at different 
stages of spermatogenesis. The collected semen samples were evaluated for protamine 
deficiencies by Chromomycin A3 (CMA3) staining (Simoes et al., 2009) and later for 
alterations in chromatin conformation by Fourier harmonic analysis (Ostermeier et al., 2001a; 
Ostermeier et al., 2001b; Siddiqui, 2008).  
In the current study, in vitro fertilization (IVF) was performed with highly affected 
ejaculates (Day 21, 28 and 35) from Belgian Blue bulls, because these ejaculates displayed 
the highest percentage of spermatozoa with altered chromatin conformation. Ejaculates 
collected before scrotal insulation (Day -7 and 0) used as non-heat-stressed control. In 
addition, IVF procedure efficacy and methylation patterns were tested simultaneously with 
semen routinely used for IVF experiments in our laboratory and termed as standard IVF 
control. 
  
4.2.4. In vitro maturation and fertilization  
The method for oocyte maturation and fertilization was as described in our previous 
study (Rahman et al., 2012). In brief, bovine ovaries were washed three times in warm 
physiological saline supplemented with Kanamycin (25 mg/ml, GIBCO-BRL Life 
Technologies, Merelbeke, Belgium). The oocytes were aspirated from follicles between 4-8 
mm in diameter. Only oocytes with multilayered (2-6) non-expanded cumulus cells were 
selected for in vitro maturation in modified bicarbonate buffered TCM 199 supplemented 
with 20% heat-inactivated FCS (Biochrom AG, Berlin, Germany). On average, 60 oocytes 
were matured in 500 µl maturation medium in a four-well plate for 20-24 h at 38.5°C in 5% 
CO2 in humidified air. After 20-24 h of maturation, COCs were washed in IVF-TALP once 
and transferred into 500 µl of IVF medium (including 250 µl sperm suspension in IVF-
TALP). The final concentration of spermatozoa was 1×106/ml in IVF-TALP consisting of 
bicarbonate buffered Tyrode solution supplemented with BSA (6 mg/ml) and heparin (10 
µg/ml). Presumptive zygotes were collected at 12, 18 and 24 hours post insemination (hpi) 
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and vortexed to remove cumulus cells and excess spermatozoa and then fixed in 4% 
paraformaldehyde (PFA) in PBS overnight at 4°C before immunostaining. The pronuclear 
stage at 10-12 hpi corresponds to the state with established, rounded pronuclei; at 18-20 hpi, 
the pronuclei clearly enlarged; and at 24-25 hpi, the pronuclei reached their largest size 
(Walters et al., 2006; Park et al., 2007; Silva et al., 2011).  
 
4.2.5. Immunostaining 
Immunostaining procedures were followed as described by Silva et al. (2011) with 
few modifications. Briefly, the PFA-fixed zygotes were first washed in PBS for 1 h and 
permeabilized with 0.5% Triton X-100 (Sigma) in PBS for 1 h. The zygotes were then washed 
in PBS for 10 min and incubated for 1 h in blocking solution (2% BSA in PBS). 
Subsequently, the zygotes were washed with 0.05% Tween-20 (Sigma) in PBS for 30 min, 
post-fixed in 4% PFA for 30 min. After washing with 0.05% Tween-20 for 10 min, the 
zygotes were treated with 2N HCl for 1 h followed by washes with 0.05% Tween-20 for 10 
min. The zygotes were then incubated overnight at 4°C with a mouse monoclonal anti-5-
methylcytidine antibody (5mC, 1:500 dilution in blocking solution). After incubation, zygotes 
were washed with 0.05% Tween-20 for 30 min and incubated for 1 h with a fluorescein 
isothiocyanate (FITC)-conjugated Alexa Fluor Goat anti-mouse secondary antibody (1:200 
dilution). Following washing with 0.05% Tween-20, the zygotes were post-fixed in 2% PAF 
for 20 min, washed in PBS for 5 min and the DNA was counterstained for 10 min at room 
temperature with Hoechst33342 (10 µg/ml in PBS; Molecular Probes, Eugene, Oregon). After 
putting a drop of glycerol with 1,4-diazabicyclo (2.2.2) octane (DABCO) on the siliconised 
slide, 5-10 zygotes coverslipped. Pronuclei of presumptive zygotes were evaluated by 
epifluorescence microscopy (Leica, DMR, Van Hopplynus, Brussels, Belgium) at a 
magnification 400× (oil immersion). The larger pronucleus was considered to be from 
paternal origin and the smaller one from maternal origin (Walters et al., 2006; Park et al., 
2007; Silva et al., 2011). Negative controls consisted of zygotes exposed to all steps of the 
staining procedure while omitting the anti-5-methylcytosine antibody.  
 
4.2.6. Quantitative analysis 
The pronuclei were observed with a 40× oil objective and images were captured using 
an Olympus camera equipped with software cellA (Olympus, Aartselaar, Belgium). 
Quantitative analyses of DNA methylation levels were measured using ImageJ software 
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(National Institute of Health, Bethesda, MD) by quantifying fluorescence signals as described 
by Silva et al. (2011). The fluorescence signal quantification is as follows: (1) the area of both 
paternal and maternal pronuclei was outlined manually and the mean fluorescence intensity 
was measured for 5mC, (2) approximately similar areas were outlined close to the respective 
pronuclei and fluorescence intensities were measured as a background fluorescence, (3) the 
mean fluorescence intensity of background was multiplied by the pronuclear area to calculate 
the background fluorescence intensity of the pronuclear area, and (4) finally the background 
fluorescence intensities were deducted from 5mC fluorescence intensities to obtain the 
corrected total fluorescence intensities for 5mC (see the formula below). It should be noted 
that only when the pronuclei were different in size, clearly distinguished as paternal (larger 
one) and maternal (smaller one) pronuclei were they measured and analyzed for 5mC 
fluorescence intensities. If there was a small overlap, the average fluorescence intensity of 
5mC was calculated for non-overlapping areas only. The following formula was used for 
calculating the total fluorescence intensity:  
Total cell fluorescence intensity = Integrated density – (Area of pronucleus x Mean 
fluorescence of background area) 
 
4.2.7. Experimental design 
A total of 1239 in vitro matured oocytes were fertilized with standard IVF control 
semen (routinely used for IVF experiments), heat-stressed semen (collected at Day 21, 28 and 
35 after scrotal insulation; Day 0 = day of scrotal insulation), and non-heat-stressed control 
semen (pre-scrotal insulation; Day -7 and 0). Presumptive zygotes were collected at 12, 18 
and 24 hours post insemination (hpi), vortexed and fixed in 4% paraformaldehyde overnight. 
The zygotes were then stained with anti-5-methylcytosine antibody to investigate DNA 
methylation pattern at the stated time points. The fluorescence intensity for global DNA 
methylation pattern was measured by ImageJ software and expressed as relative fluorescence 
unit. The mean pronuclear area was also measured by ImageJ and expressed as pixel×100. 
The fertilization rate was calculated by observing 2 PN and more than 2 PN.        
 
4.2.8. Statistical analysis 
The experiment was replicated four times. Data on fluorescence intensities for DNA 
methylation level of paternal and maternal pronuclei, pronuclear size and fertilization rate 
were analyzed by one-way ANOVA. Post hoc pairwise comparisons between the groups 
(pronuclei of different time point) were done by Scheffe test. The value of significance was 
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set at P < 0.05 (two-sided test). All statistical analyses were conducted by using SPSS 19.0 
version (SPSS Inc., Chicago, IL).  
 
4.3. Results 
4.3.1. Altered sperm chromatin conformation perturbs the dynamics of DNA methylation 
reprogramming in the paternal pronucleus  
DNA methylation levels as assessed by measuring 5-methylcytosine (5mC) 
fluorescence intensities in both paternal and maternal pronuclei are depicted in Figure 1 at 12, 
18 and 24 hpi. In the paternal pronucleus, the level of the DNA methylation pattern actively 
decreased (P < 0.01) at 18 hpi compared to 12 hpi when oocytes were fertilized with standard 
control spermatozoa or non-heat-stressed control spermatozoa. Interestingly, within a very 
short period of time, at 24 hpi, the level of DNA methylation again increased (P < 0.05) 
almost to the same level as at 12 hpi (Fig. 2A and 2C; solid lines).  
However, after fertilization of oocytes with heat-stressed spermatozoa, the dynamics 
of these DNA methylation patterns were perturbed, i.e. DNA methylation decreased gradually 
over time but not significantly (Fig. 2E; solid lines). In the maternal pronucleus, the 
methylated DNA content remained constant in all PN stages irrespective of the semen quality 
(Fig. 2B, 2D and 2F; dashed lines). In most zygotes which were fertilized with standard IVF 
control or non-heat-stressed control spermatozoa, a tendency was observed for an increase in 
size of both paternal and maternal pronuclei corresponding to the time of fertilization. 
However, the sizes of the both pronuclei which were formed after fertilization of oocytes with 
heat-stressed spermatozoa did not increase at 24 hpi (Fig. 3A and 3B). 
 
 
   
 
 
 
 
Fig. 1. DNA methylation patterns are observed in both paternal (p) and maternal (m) pronuclei 
developed at different hours of post-insemination (hpi). Note: DNA methylation pattern in the paternal 
pronucleus is high at 12 hpi and 24 hpi compared to 18 hpi. 
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Fig. 2. Dynamics of DNA methylation reprogramming (5mC fluorescence intensity) in the paternal 
(solid lines) and maternal (dashed lines) pronuclei at different PN stages following fertilization of 
oocytes with: A and B) standard IVF control spermatozoa,  60 zygotes were analyzed; C and D) non-
heat-stressed control spermatozoa,  77 zygotes were analyzed; and E and F) heat-stressed spermatozoa, 
86 zygotes were analyzed. a,b Bars with different superscript letters in same figure differ significantly 
(P < 0.05). 
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4.3.2. Altered sperm chromatin conformation decreases in vitro fertilization rate  
In order to investigate the biological significance of altered sperm chromatin 
conformation, we attempted to define a link with early embryo development potential. 
Fertilization rate as assessed at 12, 18 and 24 hpi highly decreased (P < 0.01) following 
insemination of oocytes with spermatozoa known to have altered chromatin condensation 
compared to non-heat-stressed or standard IVF control spermatozoa (53.7% vs. 70.2% or 
81.5%, respectively) (Fig. 4). It is noteworthy that altered sperm chromatin condensation was 
assessed by Fourier Harmonic Analysis that measures sperm nuclear shape at harmonic 
amplitudes 0-5 (HA0-HA5) (Rahman et al., 2011). In each ejaculate 100 live spermatozoa 
were assessed and mean data of individual harmonic amplitude were analyzed by MANOVA 
(P < 0.01). Out of six harmonic amplitudes, five harmonic amplitudes were found affected by 
heat stress. Therefore, it is assumed that each fertilizing spermatozoon had altered chromatin 
condensation in 83% harmonic amplitude levels. 
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Fig. 3. Pronuclear sizes that are developed after insemination of oocytes with spermatozoa of different 
quality at three different time points such as 12, 18, and 24 hpi. IVF control denotes standard 
spermatozoa routinely used for IVF; Non-heat-stressed denotes control spermatozoa collected before 
scrotal insulation; and Heat-stressed denotes heat-stressed spermatozoa collected after scrotal 
insulation. Number of zygotes analyzed in each group was 60, 77, and 86, respectively. A) Mean sizes 
of the paternal pronucleus and B) Means sizes of the maternal pronucleus.   a,b Bars with different 
superscript letters in the same sperm group differ significantly (P < 0.05).  
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Fig. 4. Bars showing the percentage (mean ± SEM) of fertilization after insemination of oocytes with 
spermatozoa of different quality. IVF control denotes standard spermatozoa routinely used for IVF; 
Non-heat-stressed denotes control spermatozoa collected before scrotal insulation; and Heat-stressed 
denotes heat-stressed spermatozoa collected after scrotal insulation. Number of oocytes used for 
fertilization at three different groups was 291, 292 and 656, respectively. a,b Bars with different 
superscript letters differ significantly (P < 0.01). 
 
 
4.4. Discussion 
In this study we demonstrated for the first time that heat-stressed spermatozoa used for 
in vitro fertilization interrupt the active DNA demethylation pattern which happens in the 
paternal pronucleus. After fertilization with normal bull spermatozoa, pronuclei appear for the 
first time in the bovine zygote at 7-8 hpi and the first S phase starts at 13-15 hpi (Comizzoli et 
al., 2000). It has also been reported that pronuclei become clearly enlarged at 18-20 hpi and 
the pronuclei reach their maximum size by 24-25 hpi before starting their cleavage division 
(Walters et al., 2006; Park et al., 2007; Silva et al., 2011). Specific demethylation of the 
paternal pronucleus was not obvious yet at 8 hpi, while at 14 hpi the DNA methylation level 
in the paternal pronucleus was markedly reduced (Bourc'his et al., 2001). Subsequently, Park 
et al. (2007) reported that DNA demethylation patterns in both pronuclei were almost the 
same at 10 hpi whereas active demethylation was apparent in the paternal pronucleus at 20 hpi 
followed by de novo methylation within a very short period at 25 hpi. This characteristic 
feature of active DNA demethylation followed by de novo methylation was also evidenced in 
our study when we used normal IVF control spermatozoa or non-heat-stressed control 
spermatozoa for in vitro fertilization.  
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In mammals, genomic DNA methylation is reprogrammed during early embryonic 
development. Following fertilization in mouse, levels of cytosine methylation globally 
decrease from the first cleavage stages up to the early blastocyst, before being reacquired 
during and after implantation (Smallwood et al., 2011). This global demethylation occurs 
asymmetrically in both parental genomes: the paternal DNA rapidly loses 5-methylcytosine 
(5mC) in the zygote before DNA replication, whereas the maternal DNA is thought to be 
demethylated over several cell divisions by a replication-dependent passive demethylation. 
However, there are marked variations in the DNA demethylation pattern in the paternal 
genome among different species. For instance, an active DNA demethylation pattern in the 
paternal genome has been reported in mouse (Mayer et al., 2000; Santos et al., 2002), rat 
(Zaitseva et al., 2007), rabbit (Silva et al., 2011) and cattle (Park et al., 2007). Absence of 
total DNA demethylation was first reported in sheep (Beaujean et al., 2004a) although partial 
demethylation was recently reported in sheep in vitro produced zygotes (Hou et al., 2008). 
Similarly, DNA demethylation has recently been reported to occur in goats in both paternal 
and maternal DNA, but at the two cell stage (Park et al., 2010). Therefore, DNA 
demethylation either in active or passive pattern is present in different species. 
Although the causes and actual mechanisms of active DNA demethylation are not 
clear yet, the oocyte cytoplasm is thought to play an important role. In this regard, different 
abilities of the oocyte cytoplasm to carry out active DNA demethylation have been 
investigated by intracytoplasmic sperm injection, i.e. bull sperm was injected to sheep oocytes 
and ram sperm to bovine oocytes (Beaujean et al., 2004b). The authors were interested to 
know the reason why the paternal pronucleus derived from ram sperm does not demethylate 
in sheep oocytes. By interspecies sperm injection they observed that paternal pronucleus 
originated from ram sperm was partially demethylated in the bovine ooplasm. Later by doing 
more interspecies sperm injections, they concluded that the degree of demethylation of the 
paternal pronucleus correlated primarily to the composition of oocyte environment and only 
secondarily to the properties of sperm chromatin. The exact cause for active demethylation in 
the paternal genome remained unclear until proteins of the TET (ten-eleven translocation) 
family- Tet1, Tet2, and Tet3 were discovered that are capable of oxidizing 5-methylcytosine 
in DNA (Tahiliani et al., 2009; Wu and Zhang, 2010). Next, several studies elegantly 
confirmed that demethylation in the mouse paternal genome is due to oxidation of 5-
methylcytosine to 5-hydroxymethylcytosine (5hmC) (Gu et al., 2011; Wossidlo et al., 2011). 
These authors further reported that the dioxygenase Tet3 enzyme is highly expressed in the 
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mouse oocytes and zygotes. Hence, the inevitable question arose as how the maternal 
pronucleus was being protected from Tet3 activity. This is well explained in a study by 
Nakamura et al. (2007), where they reported that zygotes lacking PGC7 (a small protein, 150 
amino acids in the mouse; 159 amino acids in the humans) show a global loss of 5mC in both 
paternal and maternal pronuclei. This indicates that due to the absence of PGC7, both paternal 
and maternal pronuclei are demethylated. Nakamura et al. (2012) very recently extended 
these findings to address the mechanism involved in demethylation and showed that PGC7 
associated loosely with chromatin lacking H3K9me2 (dimethylated histone 3 lysine 9), but 
tightly associated if H3K9me2 was present. Since maternal genome contains histones and 
their variants, PGC7 is tightly bound with H3K9me2, therefore Tet3 cannot access the 
chromatin to oxidize the 5mC to 5hmC. In contrast, the sperm genome contains mainly 
protamines, i.e. there is a lack of H3K9me2 which results in no binding of PGC7 (Fig. 5). 
Therefore, Tet3 can easily access the genome and cause oxidation of 5mC to 5hmC. 
Moreover, it has also been shown that a deficiency of Tet3 impeded the demethylation 
process of the paternal Oct4 and Nanog genes and delayed the subsequent activation of a 
paternally-derived Oct4 transgene in the early mouse embryos (Gu et al., 2011). Conversely, 
the presence of PGC7 in the maternal pronucleus may prevent active demethylation by 
interfering the Tet3 enzyme, since PGC7 knockout zygotes showed DNA demethylation 
(Wossidlo et al., 2011). If we apply this hypothesis to our finding that heat-stressed 
spermatozoa yield paternal pronuclei that do not demethylate actively, we might infer that 
heat stress-induced protamine deficient spermatozoa contain more histones and H3K9me2 
which were bound with PGC7 and were protected from Tet3-mediated oxidation.  
 
Fig. 5. Influence of PGC7 (a small protein) and Tet3 (ten-eleven translocation 3 enzyme) for DNA 
demethylation. A: In the maternal pronucleus, Tet3 cannot oxidize 5-methylcytosine (5mC) to 5-
hyroxymethylcytosine (5hmC) due to the blockage of binding sites by H3K9me2 (dimethyl histone 3 
lysine 9) and PGC7. B: In the paternal pronucleus, Tet3 oxidizes 5mC to 5hmC since the binding sites 
are opened for Tet3. Closed red circles represent methylated CpGs, open circles represent 
demethylated CpGs.    
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Besides, it has been reported that 5mC and H3K9me3 (trimethylated histone 3 lysine 
9) have a strong association with each other and they increase simultaneously in the paternal 
pronucleus during the one-cell stage (Park et al., 2007). Since we know that altered sperm 
chromatin condensation is related to deficient protamines in spermatozoa of cattle (Rahman et 
al., 2011) and humans (Franco et al., 2012), we can infer that such spermatozoa contain a 
higher number of retained histones and also  higher levels of H3K9me3, which may affect 
DNA demethylation in the paternal pronucleus. However, in this study, the cause of de novo 
methylation failure at the end of pronuclear development in zygotes fertilized with altered 
chromatin condensed spermatozoa is not clear. Since the enzymes of DNA methyltransferase 
(DNMT) family such as DNMT3A, DNMT3B and DNMT3L are responsible of de novo 
methylation (Okano et al., 1999; Smallwood and Kelsey, 2012), there might be disturbances 
in functioning of these enzymes in the paternal genome derived from heat-stress spermatozoa.  
Hence, we hypothesize that perturbation of the dynamic DNA methylation i.e. 
disorders of active DNA demethylation followed by de novo methylation in the paternal 
pronucleus after fertilization of oocytes with heat-stressed spermatozoa might have an adverse 
effect on early embryo developmental potential. According to our hypothesis, we observed 
consistently lower fertilization rate after insemination of oocytes with heat-stressed 
spermatozoa. The cause of lower fertilization might be related to high percentages of 
morphologically abnormal spermatozoa (67%) which correspond to a previous study where 
morphologically abnormal spermatozoa were 78% (Walters et al., 2005). Moreover, 
Fernandes et al.( 2008) also observed a lower cleavage rate after fertilization of oocytes with 
morphologically abnormal spermatozoa (84%). Indeed, the lower fertilization and cleavage 
rates of the above studies were highly correlated to altered sperm chromatin condensed 
spermatozoa (68% and 31%, respectively) which were nearly similar to this study (49%). This 
may further explain that morphologically abnormal spermatozoa cause early embryo 
developmental failure by arresting sperm head decondensation and pronuclear formation 
(Walters et al., 2006). In humans, the cause of sperm head decondensation failure in 
intracytoplasmic sperm injection has been associated with DNA damaged (17%; in-situ nick 
translation) or altered chromatin condensed spermatozoa (44%, CMA3) (Sakkas et al., 1996). 
Furthermore, altered sperm chromatin structure resulted in delay in the formation of paternal 
pronucleus and first cleavage division and a subsequent decrease in the early embryo 
development (reviewed in Hamamah et al., 1997). Therefore, the decreased fertilization rate 
of heat-stressed spermatozoa in our study might be related to failure of sperm decondensation 
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in the oolemma or failure of the male pronucleus formation, which could be associated with 
altered chromatin condensation of spermatozoa (Hammadeh et al., 2001; Walters et al., 
2006). On the other hand, spermatozoa with normally condensed chromatin are likely to 
contribute to normal zygote development (Duran et al., 1998; Colombero et al., 1999), which 
was the case in this study when we used standard spermatozoa used for IVF or non-heat-
stressed spermatozoa.  
In conclusion, we inferred in this study that the perturbation of DNA methylation 
reprogramming in the paternal pronucleus is related to reduced developmental potential of 
zygotes which may be associated with heat-stressed spermatozoa having altered chromatin 
condensation. Whether the perturbation of DNA methylation reprogramming in the zygote is 
associated with long-term functional differences in embryo development and nuclear 
totipotency, needs to be explored.  
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BOVINE SPERMATOZOA REACT TO IN VITRO 
HEAT STRESS BY ACTIVATING THE MITOGEN-
ACTIVATED PROTEIN KINASE (MAPK) 14 
SIGNALING PATHWAY 
 
 
 
 
 
Adapted from: Rahman, M. B., Vandaele, L., Rijsselaere, T., Shehab El-Deen, M., Maes, D., 
Shamsuddin, M., Van Soom, A. Reprod Fertil Dev 2013 (In press).
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5.1. Abstract   
Heat stress has since long been recognized as a cause of subfertility in farm animals. 
The objectives of the present study were to elucidate the effect of heat stress on sperm 
function and involvement of the mitogen-activated protein kinase (MAPK) 14 signaling 
pathway. Sperm incubated for 4 h at a physiological temperature (38.5°C) reduced (P < 0.05) 
motility, plasma membrane integrity, and mitochondrial potential while the reduction was 
more severe at hyperthermic temperature (41°C) (P < 0.01) compared to non-incubated 
sperm. Percentages of fertilization and embryo development were highly affected in 
spermatozoa pre-incubated at 41°C compared to non-incubated spermatozoa (P < 0.01). 
Similarly, embryo quality was adversely affected by sperm incubation at 41°C, as indicated 
by a higher apoptotic cell ratio in day 7 blastocysts compared with that in the non-incubated 
control group (14.6% vs 6.7%; P < 0.01). Using (SB203580 10 µg/ml), a specific inhibitor of 
the p38 MAPK during sperm hyperthermia reduced MAPK14 activation (24.9% vs 35.6%), 
increased sperm motility (45.8% vs 26.5%), and reduced DNA fragmentation (16.9% vs 
23.4%) compared with the untreated control group, but did not improve subsequent 
fertilization and embryo development. In conclusion, heat stress significantly affects the 
potential of sperm to penetrate oocytes, as well as subsequent embryo development and 
quality. Notably, the data show that the MAPK14 signaling pathway is largely involved in 
heat-induced sperm damage. However, further research is needed to elucidate other signaling 
pathways possibly involved in heat-induced sperm damage. 
 Additional Keywords: Heat stress, Sperm functional parameters, TUNEL, MAPK14. 
phosphorylation 
 
5.2. Introduction 
Mammalian spermatozoa are extremely specialized cells and differ strikingly from 
somatic cells in several features. These unique cells are in fact generated throughout a highly 
complex process called spermatogenesis. At the end of the spermatogenic cycle, upon leaving 
the testis, spermatozoa become both transcriptionally and translationally inactive cells (Engel 
et al., 1973; Grunewald et al., 2005). It is believed that the functionality of the sperm cells is 
largely dependent on the post-translational modifications of proteins in the absence of de 
novo protein synthesis. This is happening during epididymal maturation and post-ejaculatory 
capacitation of spermatozoa in the female reproductive tract (Blaquier et al., 1988a; 1988b). 
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The main function of a spermatozoon is to travel the female genital tract, traverse the 
oocytes’ zona pellucida and finally deliver the male haploid genome to the oocyte during 
fertilization. 
The presence of programmed cell death or apoptosis in somatic cells as well as in 
germ cells especially during spermatogenesis is well established (Hikim et al., 2003; Shaha, 
2007; Jia et al., 2009). However, the existence of apoptotic markers in ejaculated 
spermatozoa is controversial (Martin et al., 2004; Brum et al., 2008). It was believed earlier 
that mature spermatozoa do not possess effective operative mechanisms for protein synthesis 
or DNA degradation and that the apoptotic cascade does not commence in their mature state. 
However, recent data support the notion that apoptosis or at least apoptotic-like processes can 
be induced in the ejaculated spermatozoa by a variety of stimuli or stresses (Martin et al., 
2007; Ball, 2008; Brum et al., 2008). The stresses and stimuli such as heat stress, 
cryopreservation, oxidative stress, and hormone deprivation have been found to induce signs 
of apoptosis including caspase activation,  loss of mitochondrial membrane potential (MMP), 
phosphatidylserine externalization (PSE), and DNA fragmentation (Aquila et al., 2007; 
Bejarano et al., 2008; Jia et al., 2009).  
Heat stress has long been identified as a possible cause of subfertility in farm animals 
especially in hot and humid climates (reviewed in Hansen, 2009). However, the molecular 
basis of heat stress-induced toxicity has not entirely been characterized. In somatic cells, 
Bellmann et al. (2010) showed that heat stress, just like some degenerative diseases causes 
proteins to misfold and aggregate which, in turn, culminate in cell apoptosis through 
mitogen-activated protein kinase (MAPK) signaling pathways. Mitogen-activated protein 
kinases consist of a family of serine threonine kinases that function as critical mediators of a 
variety of extracellular signals (Johnson and Lapadat, 2002; Cowan and Storey, 2003; Wada 
and Penninger, 2004). However, it is ambiguous whether MAPK signaling pathways are 
operative in the ejaculated spermatozoa as they are transcriptionally inactive and their 
translational machinery is thought to be lost with the residual cytoplasm. Compelling 
evidence; however, suggests that features typically associated with apoptosis including DNA 
fragmentation, low mitochondrial membrane potential (MMP), loss of plasma membrane 
integrity, and phosphatidylserine externalization (PSE) on plasma membrane in somatic cells 
are also present in the ejaculated human, boar, horse, bull, rat, hamster, and mouse 
spermatozoa (Aziz et al., 2007; Martin et al., 2007; Brum et al., 2008; Said et al., 2008). In 
an in vivo study in rats Jia et al. (2009) showed that MAPK14 is the key signaling pathway 
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involved in heat-induced testicular germ cell apoptosis by provoking Bcl2 phosphorylation, 
leading to its inactivation and subsequent activation of the mitochondria-dependent death 
pathway mainly by imbalancing Bax/Bcl2 ratio. Importantly, the key components of the 
MAPK signaling pathway such as extracellular signal-regulated kinase (ERK) and MAP 
kinase kinase (also known as MEK) have also been identified within human ejaculated 
spermatozoa (de Lamirande and Gagnon, 2002; O'Flaherty et al., 2005; Almog et al., 2008; 
du Plessis et al., 2010).  
If we want to understand what is happening with the sperm machinery in response to 
heat stress, understanding the role of the MAPK14 signaling pathway in this response is very 
important. To do so, we used an in vitro heat stress model that imitates the conditions to 
which sperm cells might be exposed to in the reproductive tract of a heat-stressed cow. In 
literature, no specific information is available regarding the signaling pathway in heat-
stressed bovine ejaculated spermatozoa leading to apoptosis or apoptotic-like cascades. 
Understanding this signaling pathway involved in heat-induced sperm damage would be an 
important step towards the development of effective strategies for controlling apoptosis or 
apoptotic-like cascades by commercial semen producers particularly in hot and humid 
climates. Thus, the first objective of our study was to elucidate the impact of in vitro heat 
stress on sperm function, fertilization and embryo development potential of the ejaculated 
spermatozoa. Taking into account that in the ejaculated spermatozoa these effects are mainly 
caused by post-transcriptional modifications, the second objective was to confirm the 
MAPK14 activation and finally to investigate the importance of the MAPK14-mediated 
signaling pathway in decreased sperm motility, increased DNA fragmentation, and 
subsequent impaired fertilization and embryo development by using a specific inhibitor 
SB203580 against this key signaling pathway. 
 
5.3. Materials and methods 
5.3.1. Materials 
Tissue Culture Medium (TCM) 199, gentamycin, basal medium eagle (BME) amino 
acids and minimal essential medium (MEM) amino acids were purchased from GIBCO-BRL 
Life Technologies (Merelbeke, Belgium). Fetal calf serum (FCS) was obtained from 
Biochrom AG (Berlin, Germany). Fluorescent probes Propidium Iodide (PI), Hoechst 33342, 
and JC-1 were purchased from Molecular Probes (Eugene, Oregon, USA). Anti-phospho-
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p38α (Thr180/Tyr182) rabbit polyclonal antibody, fluorescein goat anti-rabbit secondary 
antibody, and a specific inhibitor SB203580 against the MAPK14 were obtained from 
Millipore (Temecula, CA, USA), Molecular Probes, and Calbiochem (San Diego, CA, USA), 
respectively. Unless otherwise stated, all other components were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All media were filtered through a sterile 0.22 µm filter 
(Millipore Corporation, New Bedford, MA, USA) prior to use. 
 
5.3.2. Semen preparation 
In each replicate, four frozen semen straws (0.25 ml) were separated through a 
discontinuous Percoll gradient (45% and 90% Percoll (v/v); Pharmacia Biotech, Uppsala, 
Sweden) to obtain viable and motile spermatozoa. The sperm pellet was then suspended to 
50×106 sperm/ml in Sp-TALP and incubated at 38.5°C and 41°C for 4 h in 5% CO2 in 
humidified air. Additionally, two semen straws were thawed, separated by Percoll gradient 
and diluted to 50×106 sperm/ml in Sp-TALP as non-incubated control. The control semen 
sample was prepared so that it could be used for fertilization at the end of the incubation 
period of treated spermatozoa.     
 
5.3.3. Computer-assisted sperm analysis 
Computer-assisted sperm analysis (CASA) was carried out using Hamilton Thorne 
motility analyzer (CEROS version 12.3d; Hamilton-Thorne Research, Beverly, MA, USA). 
The parameter settings were: Frame rate = 60 Hz; Number of frames = 30; Minimum contrast 
= 20; Minimum cell size = 10 pixels; Non-motile head size = 5 pixels; Non-motile head 
intensity = 20; Medium path velocity (VAP) cut-off = 50 µm/s; Straightness (STR) cut-off = 
70%; Low VAP cut-off = 30 µm/s; Low straight line velocity (VSL) cut-off = 15 µm/s as 
described in our previous studies (Rahman et al., 2011; 2012). Using the playback facility, 
preliminary trials were performed to evaluate whether the sperm cells were correctly 
identified. Ten microliter of diluted semen was placed on a prewarmed (37°C) Makler 
chamber and sperm motility  parameters were analyzed in five different focus fields using a 
10× negative phase contrast objective.  
 
 
Chapter 5  95 
 
5.3.4. Sperm functional parameters test 
Four fluorescent probes (Hoechst 33342, Propidium iodide (PI), fluorescein 
isothiocyano-conjugated Pisum sativum agglutinin (FITC-PSA), and JC-1) were used to 
determine different sperm functional parameters simultaneously in the same focus field. 
Hoechst 33342 and PI were used for determining the plasma membrane integrity, JC-1 for the 
mitochondrial membrane potential, and FITC-PSA for the acrosomal status. Fluorescent 
probes preparation and sperm staining were performed according to the methods described by 
Celeghini et al. (2007) with minor modifications. Briefly, semen samples were subjected to 
the fluorescent probes (5 µg/ml Hoechst 33342, 10 µg/ml PI, 2 µM JC-1, and 20 µg/ml FITC-
PSA) and incubated for 10 min at 37°C in the dark. After incubation, 5 µl stained semen 
sample was placed on a clear glass slide, coverslipped, and evaluated immediately by 
epifluorescence microscopy (Leica, DMR, Van Hopplynus, Brussels, Belgium). The 
spermatozoa were evaluated at 400× magnification (oil immersion) and at least 200 
spermatozoa per slide were examined. The sperm cells were classified as damaged plasma 
membrane (red color), intact plasma membrane (violet color), reacted acrosome (yellow 
color), intact acrosome (violet color), high mitochondrial membrane potential (orange-red 
color), and low mitochondrial membrane potential (green color) (Fig. 1).  
 
 
Fig. 1. Spermatozoa were stained with four fluorochromes (1000×, oil immersion). A: Spermatozoon 
with intact acrosome, intact plasma membrane and high mitochondrial membrane potential; B: 
Spermatozoon with reacted acrosome, damaged plasma membrane and low mitochondrial membrane 
potential; C: Dead spermatozoon. 
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5.3.5. In vitro maturation and fertilization  
To determine the effects of heat stress on sperm capability to fertilize oocytes, 
abattoir-derived oocytes were matured and fertilized in vitro. The method for oocyte 
maturation and fertilization was as described by Vandaele et al. (2006). In brief, bovine 
ovaries were washed three times in warm physiological saline supplemented with Kanamycin 
(25 mg/ml, GIBCO-BRL Life Technologies, Merelbeke, Belgium). The oocytes were 
aspirated from follicles between 4-8 mm in diameter. Only oocytes with evenly granulated 
ooplasm and multilayered (2-6) non-expanded cumulus cells were selected for in vitro 
maturation in modified bicarbonate-buffered TCM 199 supplemented with 20% heat-
inactivated FCS (Biochrom AG, Berlin, Germany). On average, 100-120 oocytes were 
matured in 500 µl maturation medium in a four-well plate for 20-24 h at 38.5°C in 5% CO2 in 
humidified air. After 20-24 h of maturation, COCs were washed in IVF-TALP once and 
transferred into 500 µl of IVF medium (including 250 µl sperm suspension in IVF-TALP). 
The final concentration of spermatozoa was 2×106/ml in IVF-TALP consisting of 
bicarbonate-buffered Tyrode solution supplemented with BSA (6 mg/ml) and heparin (10 
µg/ml). After 20-24 h of co-incubation, presumptive zygotes were vortexed to remove 
cumulus cells and excess spermatozoa. Then the putative zygotes were fixed in fixative 
solution (2% paraformaldehyde + 2% glutaraldehyde in PBS) and kept at 4°C for 24 h. The 
fixed presumptive zygotes were subsequently stained with Hoechst 33342 (5 µg/ml in PBS) 
for 10 min in the dark at room temperature. After putting a drop of glycerol with 1,4-
diazabicyclo (2.2.2) octane (DABCO) on the siliconised slide, 5-10 zygotes were placed and 
coverslipped. Pronuclei of presumptive zygotes were identified by epifluorescence 
microscopy (Leica, DMR) at a magnification 400× (oil immersion). Zygotes with 2 pronuclei 
(PN) were considered as being normally fertilized and those with more than 2 PN were 
considered to be polyspermic (Thys et al. 2009).  
 
5.3.6. In vitro embryo production 
Embryos were cultured by routine in vitro methods (Vandaele et al. 2006). Briefly, 
oocytes maturation and fertilization procedures were followed as described above. For 
embryo culture, after vortexing presumptive zygotes were washed and transferred to 50 µl 
droplets of synthetic oviductal fluid supplemented with amino acids and FCS (SOFaa + 5% 
FCS) medium under mineral oil and cultured in a group of 25 zygotes up to 168 hpi at 39°C 
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in 5% CO2, 5% O2, and 90% N2. Embryos were evaluated at 45 hpi for cleavage and at 168 
hpi for blastocyst development rates. 
 
5.3.7. Evaluation of blastocyst for apoptotic cell ratio 
Paraformaldehyde (4%) fixed embryos were permeabilized with 0.5% Triton X-100 in 
PBS for 1 h and washed again in polyvinylpyrrolidone (PVP) solution (1 mg/ml in PBS, free 
of Ca2+ and Mg2+). Positive and negative controls were treated with DNase I (50 units/ml in 
PBS) for 1 h at 37°C to ensure detection of strand breaks by terminal deoxynucleotidyl 
transferase-mediated dUTP-digoxigenin nick end-labeling (TUNEL) (In Situ Cell Detection 
kit, Boehringer, Mannheim, Germany). After washing in PVP solution, positive control and 
samples were incubated in terminal deoxynucleotidyl transferase for 1 h at 37°C in the dark. 
Meanwhile, the negative control was incubated in nucleotide mixture only (absence of 
transferase). After a second washing in PVP solution, controls and samples were incubated in 
RNase I (50 mg/ml in PBS) for 1 h at room temperature. The nuclei of embryos were then 
counterstained with 0.5% (v/v) propidium iodide (PI) for 1 h at room temperature. 
Subsequently, embryos were quickly washed in PVP solution and mounted in a drop of 
DABCO on slides. The embryos were then coverslipped by making vaseline bridges. 
Embryos were examined by fluorescence microscopy (Leica, DMR, magnification 400×, oil 
immersion). TUNEL positive nuclei appeared bright yellowish-green, whereas the red color 
(PI staining) allowed counting the total cell number (TCN) and identification, localization, 
and quantification of normal, fragmented, and condensed nuclei as defined by Vandaele et al. 
(2010). Nuclei that appeared TUNEL positive and condensed or fragmented were recorded as 
apoptotic.           
 
5.3.8. Assessment of sperm MAPK14 activation after inhibiting the MAPK14 signaling 
pathway 
Anti-phospho-MAPK14 antibody was used to identify MAPK14 activation in sperm 
during non-heat-stressed or heat-stressed conditions. Semen samples were incubated at 
38.5°C or 41°C for 4 h without inhibitor SB203580/DMSO or with DMSO or with inhibitor 
SB203580 (10 µg/ml). After incubating, semen samples were centrifuged at 4000 rpm for 5 
min and the supernatant was discarded. Then the sperm pellet was resuspended in 0.1 % 
Triton X-100 and permeabilized for 10 min at room temperature. After washing in PBS, non-
specific sites were blocked by 1% BSA and then the spermatozoa were incubated with anti-
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phosho-MAPK14 antibody (1:50 dilution) for overnight. Subsequently, spermatozoa were 
washed and incubated for 1 h with secondary antibody (1:200 dilution; fluorescein goat anti-
rabbit antibody). After washing twice, spermatozoa were counterstained with Hoechst 33342 
(5 µg/ml in PBS). Subsequently, after washing once, sperm pellet was resuspended in PBS 
and slides were prepared by putting 5 µl sperm suspension on a drop of glycerol with 1,4-
diazabicyclo (2.2.2) octane (DABCO) and coverslipped. Slides were then evaluated by 
epifluorescence microscopy (Leica, DMR) at a magnification 400× (oil immersion). At least 
200 spermatozoa from each sample were analyzed randomly to evaluate the percentage of the 
MAPK14-activated sperm cells as bright yellowish-green fluorescence) (Fig. 2A and 2B). 
 
 
Fig. 2A. Immunofluorescence staining for phospho-MAPK14 demonstrating no activation of the 
MAPK14 in control bull spermatozoa (400×, oil immersion). Fig. 2B. Immunofluorescence staining 
for phospho-MAPK14 demonstrating the activation of MAPK14 mainly in the mitochondrial area in 
response to heat stress (yellowish-green color as indicated by arrow; 400×, oil immersion). 
 
5.3.9. Assessment of sperm DNA fragmentation by modified TUNEL assay after inhibiting the 
MAPK14 signaling pathway  
To assess the impact of inhibiting the MAPK14 signaling pathway during heat stress 
on bovine spermatozoa, a specific inhibitor SB203580 (10 µg/ml in dimethyl sulfoxide, 
DMSO; Calbiochem, San Diego, CA) was tested.  This inhibitor was prepared in 1% DMSO 
as stock solutions of 40 µg/ml and stored at -20°C in the dark until use. TUNEL assay was 
used to detect the presence of free 3´-OH termini in single and double-stranded sperm DNA. 
Purified suspensions of spermatozoa were incubated at 38.5°C or 41°C temperature for 4 h 
2A 2B 
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without inhibitor/DMSO or with DMSO or with inhibitor SB203580 (10 µg/ml). 
Spermatozoa were then washed with Sp-TALP and incubated in 2 mM DTT in Sp-TALP for 
45 min at room temperature (Rahman et al. 2012). Sperm cells were centrifuged at 700 g for 
5 min and washed in Sp-TALP. Afterwards, sperm samples were diluted with PVP solution 
(1 mg/ml in PBS) to a final concentration of 10×106 spermatozoa/ml from which a 10 µl 
aliquot was smeared onto a poly-L-lysine-coated microslide. After fixation with 4% 
paraformaldehyde in PBS solution (pH 7.4) for 15 min on ice and permeabilization with 0.5% 
(v/v) Triton X-100 in PBS and 1% sodium citrate for 30 min at room temperature, the 
spermatozoa were incubated with TUNEL-mixture (terminal deoxynucleotidyl transferase) 
for 1 h at 37°C in the dark. Both positive (1 mg/ml DNAse I) and negative controls 
(nucleotide mixture in the absence of transferase) were included in each replicate. Hoechst 
33342 (5 µg/ml in PBS) was used to counter stain sperm DNA. Samples were examined by 
fluorescence microscopy (Leica, DMR; magnification 400×, oil immersion). At least 200 
spermatozoa from each sample were analyzed randomly to evaluate the percentage of 
TUNEL-positive sperm cells (bright green nuclear fluorescence).  
 
5.3.10. Experimental design 
5.3.10.1. Experiment 1: Motility and functional parameters of incubated spermatozoa  
Sperm samples were subjected to 38.5°C or 41°C temperature at 5% CO2 in air, 
referring to the characteristic rectal temperature of cattle at normothermic and hyperthermic 
conditions, respectively. Spermatozoa immediately after Percoll separation were used as non-
incubated control. Sperm motility parameters were determined by CASA and sperm 
functional parameters such as membrane integrity, mitochondrial membrane potential, and 
acrosome integrity were evaluated after staining with a combination of four fluorochromes. 
The experiment was repeated four times.   
 
5.3.10.2. Experiment 2: Fertilization, cleavage and embryo developmental potential of pre-
incubated spermatozoa and apoptotic cell ratio of blastocysts 
  A total of 966 oocytes were matured in vitro and fertilized with spermatozoa pre-
incubated at 38.5°C or 41°C or non-incubated spermatozoa as control. At 20-24 hpi, 
presumptive zygotes were denuded and cultured up to day 7 pi. In each replicate, 75 
presumptive zygotes were cultured and the remaining zygotes were fixed and subjected to 
Hoechst 33342 staining for determining normal fertilization (2 PN), polyspermy (>2 PN) and 
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sperm penetration rates (≥2 PN). Embryos were evaluated for blastocyst yield at day 7 pi and 
fixed in 4% paraformaldehyde. Subsequently, apoptotic cell ratio (ACR) of blastocysts was 
determined by TUNEL staining. The experiment was repeated three times.  
 
5.3.10.3. Experiment 3: Role of inhibitor SB203580 in subsequent MAPK14 activation, sperm 
motility, DNA integrity, fertilization and embryo development potential of pre-incubated 
spermatozoa 
Before inducing normal incubation or heat stress, spermatozoa were subjected to the 
specific inhibitor SB203580 against the MAPK14 signaling pathway. Simultaneously, 
spermatozoa were incubated without SB203580/DMSO (as heat-stressed control) or with 
DMSO (diluent of the inhibitor). All groups were compared with the non-incubated control 
spermatozoa (immediately after Percoll separation) as well as sperm incubation without 
SB203580/DMSO (heat-stressed control). Following 4 h incubation, MAPK14 activation, 
sperm motility and DNA integrity were evaluated by anti-phospho-MAPK14 fluorescent 
staining, CASA, and TUNEL staining, respectively. Concomitantly, the incubated semen 
samples were washed and used for in vitro fertilization and embryo development. A total of 
1616 oocytes were used for in vitro fertilization and embryo development. The experiment 
was replicated three times.  
 
5.3.11. Statistical analysis 
Univariate analysis of variance (ANOVA) was used for analysis of sperm motility 
parameters, functional parameters, DNA fragmentation, MAPK14 activation, cleavage, 
blastocyst development rates and apoptotic cell ratio in blastocyst as dependent variables, 
group as fixed factor, and replicate as random factor (mixed model ANOVA). Post hoc 
pairwise comparisons between the groups were made using Scheffe test. Logistic regression 
with normal fertilization (2 PN), polyspermy (>2 PN) and sperm penetration (≥ 2 PN) as 
dependent variables and group as independent variable including the effect of replicate was 
performed to analyze normal fertilization, polyspermy and sperm penetration rates. For all 
analyses, the assumptions of the models, i.e. normal distribution of data and homogeneity of 
variances between the groups were checked by Levene’s test. The level of significance was 
set at P < 0.05 (two-sided test). All statistical analyses were conducted by using SPSS version 
17.0 (SPSS Inc., Chicago, IL, USA).  
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5.4. Results 
5.4.1. Experiment 1  
5.4.1. 1. Incubation of spermatozoa for 4 h at 38.5°C or 41°C decreases motility parameters 
as evaluated by CASA 
Incubation of spermatozoa at 38.5°C or 41°C for 4 h decreased the percentage of both 
total and progressive motility as well as sperm velocities in comparison with non-incubated 
control spermatozoa (Table 1). Notably, a lower percentages of sperm  motility (total; 23.3% 
and progressive; 15.5%) were observed after incubation of spermatozoa at 41°C as compared 
to non-incubated control spermatozoa (80.3% and 57.3%; P < 0.001). Furthermore, both total 
and progressive sperm motility were lower (P < 0.01) for spermatozoa incubated at 41°C than 
spermatozoa incubated at 38.5°C.  
 
 
5.4.1. 2. Incubation of spermatozoa for 4 h at 38.5°C or 41°C disrupts plasma membrane 
integrity and mitochondrial membrane potential but not acrosome integrity as determined by 
four fluorochromes 
Marked differences were observed at the plasma membrane and mitochondrial level 
after incubation of spermatozoa either at 38.5°C or 41°C. Sperm incubation at 38.5°C highly 
disrupted plasma membrane integrity and mitochondrial membrane potential as compared to 
non-incubated control spermatozoa (P < 0.01). Moreover, incubation of spermatozoa at heat 
stress temperature (41°C) further decreased plasma membrane integrity and mitochondrial 
membrane potential compared to non-incubated control spermatozoa (P < 0.01). Spermatozoa 
with damaged plasma membrane also showed low mitochondrial membrane potential, 
whereas percentage of acrosome reacted spermatozoa was not different among groups (Table 
2).  
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Table 1. Sperm motility parameters as determined by CASA in non-incubated control 
(immediately after Percoll separation) and after incubation of spermatozoa for 4 h at 38.5°C 
and 41°C.  
Experimental 
groups 
Total motility 
(%) 
Progressive 
motility (%) 
VAP (µm/s) VSL (µm/s) VCL (µm/s) 
Control 80.3±3.3a 57.3±3.1a 126.8±5.6a 100.3±3.4a 211.5±6.4a 
Inc38.5°C 55.0±5.6b 43.8±3.1b 90.5±4.9b 73.5±2.2b 165.3±3.4b 
HS41°C 23.3±1.8c 15.5±1.9c 67.0±2.7c 53.3±2.0c 135.8±4.4c 
Data are presented as mean ± s.e.m.% of four replicates. Inc38.5°C: incubation of spermatozoa at 
38.5°C; HS41°C: heat stress to spermatozoa at 41°C. a,b,c Values with different superscript letters in 
the same column differ significantly (P < 0.01). 
 
Table 2. Sperm functional parameters in non-incubated control (immediately after Percoll 
separation) and after incubation of spermatozoa for 4 h at 38.5°C and 41°C.  
Groups PMD (%) LMMP (%) AR (%) 
Control 37.6 ± 3.8a  38.1 ± 3.9a 10.2 ± 0.9a 
Inc38.5°C 54.6 ±3.4b 56.4 ± 2.6b 10.7 ± 1.4a 
HS41°C 70.5 ± 2.0c 70.9 ± 1.9c 12.5 ± 2.0a 
Data are presented as mean ± s.e.m.% of four replicates. Inc38.5°C: incubation of spermatozoa at 
38.5°C; HS41°C: heat stress to spermatozoa at 41°C; PMD: plasma membrane damaged spermatozoa; 
LMMP: low mitochondrial membrane potential spermatozoa; AR: acrosome reacted spermatozoa.   
a,b,c Values with different superscript letters in the same column differ significantly (P < 0.01). 
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5.4.2. Experiment 2 
5.4.2.1. Pre-incubation of spermatozoa for 4 h at 38.5°C or 41°C before sperm-oocyte 
interaction affects oocyte penetration but not normal fertilization at 38.5°C  
The percentage of oocyte penetration (i.e. embryos with at least two pronuclei) was 
affected (P < 0.05)  by sperm pre-incubation for 4 h either at 38.5°C (55.2%) or at 41°C 
(21.5%) as compared to non-incubated control spermatozoa (75.3%). However, normal 
fertilization rate as determined by the proportion of embryos with two pronuclei was not 
affected by sperm pre-incubated for 4 h at 38.5°C (50.8%; P > 0.05) but was highly affected 
by sperm pre-incubated at 41°C (20.4%; P < 0.01) in comparison with non-incubated control 
spermatozoa (64.7%) (Table 3). Conversely, the percentage of oocytes undergoing 
polyspermy (i.e. embryos with more than two pronuclei) was highly reduced when oocytes 
were inseminated with sperm pre-incubated at 41°C as compared to non-incubated control 
spermatozoa (1.1% vs 10.7%, respectively; P < 0.05). 
 
5.4.2.2. Sperm pre-incubation for 4 h at 38.5°C or 41°C before sperm-oocyte interaction 
affects blastocyst yield but not cleavage rate at 38.5°C   
When oocytes were fertilized with spermatozoa pre-incubated at 41°C, the proportion 
of embryos that cleaved to two or more cells (16%) was lower (P < 0.01) in comparison with 
oocytes fertilized with spermatozoa pre-incubated at 38.5°C (43%) or with non-incubated 
control spermatozoa (59.7%) (Table 4). However, after fertilization of oocytes with 
spermatozoa pre-incubated at 38.5°C, the proportion of embryos with two or more cells did 
not differ in comparison with non-incubated control spermatozoa (P > 0.05). In contrast, the 
blastocyst development after fertilization of oocytes with spermatozoa pre-incubated at 
38.5°C was reduced (17.2%) when compared to fertilization of oocytes with non-incubated 
control spermatozoa (25.7%; P < 0.05) and was severely hampered after fertilization with 
spermatozoa pre-incubated at 41°C (only 1.7%; P < 0.01).   
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Table 3. Fertilization, polyspermy and sperm penetration rates at 20-24 hpi in non-incubated 
control (immediately after Percoll separation) and after incubation of spermatozoa for 4 h at 
38.5°C and 41°C.  
  
Fertilization (%) Polyspermy (%) Penetration (%) 
Groups n  (2 PN) (>2 PN) (≥2 PN) 
Control 85 64.7 ± 2.9a 10.7 ± 3.0a 75.3 ± 0.3a 
Inc38.5°C 81 50.8 ± 4.3a 4.4 ± 2.8ab 55.2 ± 5.8b 
HS41°C  82 20.4 ± 3.9b 1.1 ± 1.1b 21.5 ± 4.9c 
Data are presented as mean ± s.e.m. of the percent fertilization, polyspermy or penetration of three 
replicates. Inc38.5°C: incubation of spermatozoa at 38.5°C; HS41°C: heat stress to spermatozoa at 
41°C; n: total number of oocytes evaluated per group; 2 PN: embryos having 2 pronuclei; >2 PN: 
embryos having more than 2 pronuclei; ≥2 PN: embryos having 2 or more pronuclei. a,b,c Values with 
different superscript letters in the same column differ significantly ( P < 0.05).  
 
Table 4. Effect of sperm pre-incubation for 4 h at 38.5°C and 41°C on cleavage (at 45 hpi) 
and blastocyst development rates (at 168 hpi). 
Groups n  Cleavage (%) Blastocyst (%) 
Control 222 59.7 ± 7.2a 25.7 ± 0.6a 
Inc38.5°C 230 43.3 ± 0.9a 17.2 ± 3.4b 
HS41°C  266 16.0 ± 3.1b 1.7 ± 1.7c 
Data are presented as mean ± s.e.m.% of three replicates. Control: spermatozoa immediately after 
Percoll separation. Inc38.5°C: incubation of spermatozoa at 38.5°C; HS41°C: heat stress to 
spermatozoa at 41°C; n: total number of oocytes evaluated per group. Percentages of cleavage at 45 
hpi and blastocysts development at 168 hpi with spermatozoa pre-incubated either at 38.5°C or at 
41°C before sperm-oocytes interaction and number of oocytes used in each group are shown in the 
respective columns. a,b,c Values with different superscript letters in the same column differ 
significantly (P < 0.05). 
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5.4.2.3. Sperm pre-incubation for 4 h at 41°C increases the apoptotic cell ratio in blastocysts 
but not at 38.5°C 
The mean apoptotic cell ratio (ACR; TUNEL assessment) was higher in blastocysts 
developed after fertilization of oocytes with spermatozoa pre-incubated at 41°C (14.6%; P < 
0.01) as compared to spermatozoa pre-incubated at 38.5°C (8.4%) or non-incubated control 
spermatozoa (6.7%) (Fig. 3). There were no differences in ACR between blastocysts 
developed from oocytes fertilized with spermatozoa pre-incubated at 38.5°C and non-
incubated control spermatozoa (P > 0.05).  
 
 
Fig. 3. Apoptotic cell ratio (mean ± s.e.m.) in blastocysts at 168 hpi after fertilization of oocytes with 
non-incubated control spermatozoa (immediately after Percoll separation) or pre-incubated 
spermatozoa at 38.5°C and 41°C for 4 h are presented in bars. Inc38.5°C: incubation of spermatozoa 
at 38.5°C; HS41°C: heat stress to spermatozoa at 41°C. a,b Bars with different superscript letters differ 
significantly (P < 0.01). 
 
5.4.3. Experiment 3  
5.4.3.1. Inhibition of the MAPK14 signaling pathway by SB203580 during sperm incubation 
at 41°C reduces the MAPK14 activation 
Sperm incubation for 4 h at 38.5°C either without SB203580/DMSO or with DMSO 
or with SB203580 did not show increased percentage of MAPK14 activation but increased in 
comparison with non-incubated control group (Fig. 4A). Conversely, sperm incubation at 
41°C highly increased the percentage of MAPK14 activation and importantly the use of 
SB203580 significantly reduced (P < 0.01) MAPK14 activation compared to without 
SB203580/DMSO or with DMSO group (23.9% vs. 35.6% and 42.5%; respectively) (Fig. 
4B). 
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Fig. 4A and 4B. Data are presented as mean ± s.e.m. of three replicates. Percentages of MAPK14 
activated sperm without incubation (non-heat-stressed control) or after pre-incubation of spermatozoa  
for 4 h at 38.5°C and 41°C without inhibitor/DMSO (-/-Inh/DMSO group) or with DMSO (+DMSO 
group) or with inhibitor SB203580 (10 µg/ml, +Inh group) are presented in bars. 4A: Incubation of 
sperm at 38.5°C increased MAPK14 activation as compared to non-incubated sperm but MAPK14 
activation was not different among the incubated groups (P > 0.05). 4B: Heat stress highly increased 
MAPK14 activation as compared to non-incubated control sperm and importantly the use of inhibitor 
SB203580 significantly reduced MAPK14 activation as compared to without inhibitor/DMSO or with 
DMSO group. a,b,c Bars with different superscript letters in the same figure differ significantly (P < 
0.01). 
 
5.4.3.2. Inhibition of the MAPK14 signaling pathway by SB203580 during sperm incubation 
at 41°C protects sperm motility  
Total and progressive motility of control spermatozoa immediately after Percoll 
purification were 79.0% and 60.5%, respectively. The addition of inhibitor SB203580 in 
semen sample before incubation for 4 h at 41°C effectively protected sperm motility in 
comparison with no addition of SB203580/DMSO or addition of DMSO (P < 0.01). When 
semen samples were incubated at normothermic temperature (38.5°C), DMSO negatively 
affected sperm motility in comparison with addition of inhibitor SB203580 (P < 0.05), 
demonstrating that DMSO had an adverse effect on sperm survival (Table 5).  
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Table 5. Effect of inhibitor SB203580 on total and progressive sperm motility during 
incubation of spermatozoa for 4 h at 38.5°C and 41°C as determined by CASA. 
  Incubation at 38.5°C 
 
Heat stress at 41°C 
Groups 
Total       
motility (%) 
Progressive   
motility (%) 
 
Total           
motility (%) 
Progressive   
motility (%) 
(-/-)Inhibitor/DMSO 59.5 ±  4.4ab 44.0 ±  3.2ab 
 
26.5 ±  1.7b 17.8 ±  2.4b 
(+) DMSO 46.0 ±  3.9a 35.0 ±  2.4a 
 
17.5 ±  1.3a 10.3 ±  2.2a 
(+) Inhibitor 66.3 ±  3.3b 56.5 ±  4.3b 
 
45.8 ±  1.7c 36.8 ±  2.3c 
Data are presented as mean ± s.e.m.% of the total and progressive sperm motility of four replicates. 
Total and progressive sperm motility for non-incubated control spermatozoa (immediately after 
Percoll separation) were 79.0 ± 2.6 and 60.5 ± 2.7, respectively. a,b,c Values with different superscript 
letters in the same column differ significantly (P < 0.05). 
 
 
5.4.3.3. Inhibition of the MAPK14 signaling pathway by SB203580 during sperm incubation 
at 41°C prevents sperm DNA fragmentation  
Because of involvement of the MAPK14 signaling pathway in heat response, we 
examined whether the heat stress could induce DNA fragmentation and subsequently the 
addition of inhibitor SB203580 could prevent such DNA fragmentation. Although sperm 
incubation at 38.5°C did not show increased level of DNA fragmentation, but sperm 
incubation at 41°C highly augmented DNA fragmentation (Fig. 5A and 5B). Notably, sperm 
incubation at 41°C with inhibitor SB203580 effectively protected DNA fragmentation as 
compared to sperm incubation without SB203580/DMSO or with DMSO (P < 0.01).      
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Fig. 5A and 5B. Data are presented as mean ± s.e.m. of three replicates. Purified spermatozoa were 
incubated for 4 h at 38.5°C and 41°C without inhibitor/DMSO (-/-Inh/DMSO group) or with DMSO 
(+DMSO group) or with inhibitor SB203580 (10 µg/ml DMSO; +Inh group). Spermatozoa 
immediately after Percoll separation were used as non-heat-stressed control. Sperm DNA 
fragmentation was assessed by modified TUNEL assay and presented in bar as percentage. 5A: No 
significant differences were observed in sperm DNA fragmentation rates among the groups. 5B: 
Inhibitor SB203580 effectively protected sperm DNA fragmentation in comparison with non-addition 
of inhibitor/DMSO or addition of DMSO group. a,b,c Bars with different superscript letters in the same 
figure differ significantly (P < 0.01). 
 
5.4.3.4. Inhibition of the MAPK14 signaling pathway by SB203580 during sperm incubation 
either at 38.5°C or 41°C does not increase sperm potential for fertilization and subsequent 
embryo development 
Blockade of the MAPK14 signaling pathway by a specific inhibitor SB203580 during 
sperm pre-incubation for 4 h at 38.5°C or at 41°C did not significantly increase the 
percentages of fertilization as compared to sperm pre-incubation without SB203580/DMSO 
or with DMSO (P > 0.05; Fig. 6A  and 6B). Likewise, the percentages of blastocyst 
development did not improve after culturing of the embryos fertilized with MAPK14-blocked 
spermatozoa as compared to spermatozoa without SB203580/DMSO or with DMSO (Fig. 7A 
and 7B).    
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Fig. 6A and 6B. Data are presented as mean ± s.e.m. of three replicates. Percentages of fertilization 
after insemination of oocytes with spermatozoa (non-incubated control) or pre-incubated spermatozoa 
at 38.5°C and 41°C for 4 h without inhibitor/DMSO (-/-Inh/DMSO group) or with DMSO (+DMSO 
group) or with inhibitor SB203580 (10 µg/ml, +Inh group) are presented in bars . 6A: No significant 
differences were observed among groups (P > 0.05). 6B: Heat stress reduced fertilization rate as 
compared to non-heat-stressed control group but no differences were observed among heat-stressed 
groups.  a,b Bars with different superscript letters in the same figure differ significantly (P < 0.05).  
 
 
 
 
 
 
 
 
 
Fig. 7A and 7B. Data are presented as mean ± s.e.m. of three replicates. Percentages of blastocyst 
developed after fertilization of oocytes with spermatozoa (non-heat-stressed control) or pre-incubated 
spermatozoa at 38.5°C and 41°C for 4h without inhibitor/DMSO (-/-Inh/DMSO group) or with 
DMSO (+DMSO group) or with inhibitor SB203580 (10 µg/ml, +Inh group) are presented in bars. 
7A: No significant differences were observed among groups (P > 0.05). 7B: Heat stress highly 
reduced blastocyst rate as compared to non-heat-stressed control group but no differences were 
observed among heat-stressed groups. a,b Bars with different superscript letters in the same figure 
differ significantly (P < 0.01).  
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5.5. Discussion 
In this study, we first investigated the functional modifications of transcriptionally 
inactive ejaculated bovine spermatozoa induced by heat stress in vitro and subsequently we 
examined involvement of the MAPK14 signaling pathway in spermatozoa in the mechanism 
of heat stress. Accordingly, we showed that pre-incubation of bovine spermatozoa either at 
normothermic (38.5°C) or hyperthermic (41°C) condition significantly reduced sperm 
motility parameters, plasma membrane integrity, mitochondrial membrane potential, overall 
fertilization, and blastocyst development potential. Incubation effects were more severe when 
spermatozoa were pre-incubated at 41°C, a temperature that refers to the characteristic rectal 
temperature of heat-stressed cow, particularly in the hot and humid climates. By using an 
antibody against phospho-MAPK14, we confirmed heat stress-induced activation of the 
MAPK14. Subsequently, by using a specific inhibitor SB203580 against the MAPK14 
signaling pathway, we showed for the first time that this pathway played an important role in 
the heat-induced sperm damage and that blocking the pathway protects MAPK14 activation, 
restores sperm motility, and decreases the incidence of DNA fragmentation. However, 
blocking of this important MAPK14 signaling pathway was not sufficient to augment 
fertilization and embryo developmental potential.  
The maintenance of testicular temperature 4-5°C below the core body temperature in 
breeding bulls is utmost important for proper spermatogenesis. Increased testicular 
temperature (~2°C) at spermatogenic cycle especially during spermiogenic and meiotic stages 
of germ cell development even for a shorter period of time (i.e. 48 h) affected sperm motility, 
morphology, plasma membrane integrity, chromatin protamination, and nuclear shape 
(Rahman et al., 2011). Likewise, after collection of ejaculates maintenance of the ejaculates’ 
temperature close to the testicular temperature (~32°C) is equally important for the 
maintenance of proper sperm functional potentials. Upon leaving the testicular environment, 
sperm cells are in fact vulnerable to sudden temperature changes. Even incubation of 
spermatozoa at normothermic temperature (39°C) for a shorter period of time (3 h) 
compromised their viability and functional competence (Monterroso et al., 1995). In our 
study, both total and progressive sperm motility as well as other velocity parameters 
determined by CASA decreased after incubation of spermatozoa at 38.5°C for 4 h and the 
effects were worse after incubation at 41°C. Similarly, Hendricks et al. (2009) reported that 
incubation of bovine spermatozoa at 38.5°C for 4 h decreased sperm motility and the effect 
was slightly more prominent when spermatozoa were incubated at 40°C. However, in our 
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study sperm incubation at 41°C severely hampered the motility parameters and this may be 
due to the fact that the maximum thermotolerance level of the spermatozoa has been 
exceeded. The exposure of spermatogenic cells to heat stress is well known to produce 
reactive oxygen species (ROS) (Ishii et al., 2005; Nichi et al., 2006). Due to excessive 
production of ROS, the membrane loses its fluidity and structure which has been related to 
poor sperm motility and functions (Silva et al., 2007; du Plessis et al., 2010). Similarly, in 
our study, we observed that heat stress highly affected sperm plasma membrane integrity and 
mitochondrial membrane potential in a highly correlated manner (r = 0.95). The high 
correlation between sperm plasma membrane damage and low mitochondrial membrane 
potential can be explained by the fact that sperm plasma membrane oxidation occurs at the 
mid-piece (Brouwers and Gadella, 2003), the area where the mitochondria are located. On the 
other hand, sperm incubation did not affect acrosome integrity as evaluated by FITC-PSA 
staining. This finding is in accordance with the finding of Silva et al. (2007) and supports the 
hypothesis that before acrosome reaction, sperm should undergo capacitation. Moreover, it is 
also possible that spermatozoa have been died before starting the acrosome reaction.      
The decreased sperm motility and functionality were mirrored in reduced fertilization 
and sperm penetration rates, reflecting the lower ability of the incubated sperm to attach to or 
to penetrate the zona pellucida of the oocytes. Studies indicated that contribution of a 
spermatozoon to the oocyte is more than delivering paternal genome, and indeed also the 
centriole (reviewed in Sutovsky and Schatten, 2000), RNA (Ostermeier et al., 2004), and 
proper epigenetic marks in the form of DNA methylation (reviewed in Miller et al., 2010; 
Steger et al., 2011) are almost equally important for a successful fertilization and embryo 
development. Hence, along with sperm DNA damage (Paul et al., 2008; 2009) it is also 
possible that heat stress damages the sperm centriole and/or causes aberrant DNA 
methylation in the male pronucleus that subsequently leads to delay in fertilization or 
fertilization failure- this  would be an interesting area for future research. Sperm pre-
incubation at 39°C for 24 h before fertilization has been reported to decrease embryos’ 
blastocyst developmental competence (Lechniak et al., 2003) which we confirmed with 
spermatozoa pre-incubated at 41°C for 4 h. It is conceivable that the quality of blastocysts 
produced after fertilization of oocytes with heat-stressed spermatozoa is compromised 
because of the higher sperm DNA damage. Likewise, several studies reported that mice 
exposed to scrotal heat stress had increased percentages of sperm with high levels of DNA 
damage and as such insemination of these sperm ultimately resulted in impaired blastocyst 
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formation (Jannes et al., 1998; Paul et al., 2008; 2009). Further in vitro studies in cattle 
confirmed these findings where Walters et al. (2005a; 2005b) observed less blastocyst 
development with higher apoptotic cell ratios after fertilization of oocytes with semen 
collected from scrotal insulated bulls. Thus, the collective data suggested that heat stress to 
sperm cells might activate signal(s) for commencing death cascades and consequently 
compromise embryo development and their quality. Also, Ishii et al. (2005) speculated that 
ROS generated from heat stress may function as a type of signal for spermatogenic cell death 
rather than directly causing oxidative damage to cells.        
 Therefore, we were interested in investigating the signaling pathway involved in 
heat-induced sperm damage aiming to shut down the signaling pathway by a specific 
pharmacological inhibitor whenever necessary. It has been shown that MAPKs signaling 
transduction are activated by a variety of environmental stressors and promote apoptosis and 
cause growth inhibition of cells (Cowan and Storey, 2003; Wada and Penninger, 2004). A 
short heat stress stimulus in rat testis has been shown to induce massive germ cells apoptosis, 
which was associated with p38 MAPK phosphorylation (Lizama et al., 2009). Specifically, 
MAPK14 has been identified as a key signaling pathway for heat-induced testicular germ cell 
apoptosis by imbalancing mitochondrial Bax/Bcl2 ratio (Jia et al., 2009). Therefore, in our 
study, we hypothesized that heat stress may activate MAPK14 signaling pathway in sperm 
and causes cell death by activating mitochondrial Bax since Bcl2 is not detected in bovine 
sperm cell (Martin et al., 2007). In order to confirm our hypothesis, we used an antibody 
against phospho-MAPK14 and observed heat stress-induced MAPK14 activation. Hence, we 
have illustrated the signaling pathway involved in heat-induced bovine sperm damage and the 
way of inhibition of the death cascades (Fig. 8). Subsequently, we inhibited the MAPK14 
signaling pathway by a specific pharmacological inhibitor SB203580 during heat stress to 
sperm cell. Firstly, fluorescence investigation proved that SB203580 significantly protected 
MAPK14 activation during heat stress. Secondly, sperm motility evaluation by CASA 
revealed that SB203580 effectively protected against heat-induced deleterious effects. 
Thirdly, we investigated whether heat stress can induce sperm DNA fragmentation and 
whether SB203580 can prevent the death cascades. In sperm DNA fragmentation study, we 
have used a modified TUNEL assay that was originally applied in sperm cells of human, 
mouse (Mitchell et al., 2011), and bovine (Rahman et al., 2012) whereas the conventional 
TUNEL assay consistently failed to elucidate the factual sperm DNA fragmentation (Mitchell 
et al., 2011). We consequently observed that sperm incubation at normothermic temperature 
Chapter 5  113 
 
for 4 h did not induce sperm DNA fragmentation, because the relative compactness of sperm 
DNA by packing round protamine molecules is protecting it from damage (Ward, 2010; 
Mitchell et al., 2011). However, sperm incubation at normothermic temperature with DMSO 
increased the sperm DNA fragmentation. Although the mechanism of sperm DNA 
fragmentation by DMSO is not elucidated yet, the addition of DMSO as cryoprotectant for 
bull or stallion spermatozoa was reported to reduce sperm motility and viability by inhibition 
of Na+/K+ ion pumps (delaCueva et al., 1997; Ball and Vo, 2001). Notably, sperm incubation 
at hyperthermic temperature highly augmented sperm DNA fragmentation and importantly 
the use of SB203580 during heat stress effectively prevented sperm DNA fragmentation by 
blocking the MAKP14 signaling transduction (Fig. 5B). 
 
Fig. 8. The signaling pathway involved in bovine ejaculated sperm damage induced by heat-stress in 
vitro and the way of inhibition. The induction of apoptosis/apoptotic-like changes is triggered mainly 
by activating MAPK14 and also possibly by other MAPK signaling pathways. Unlike the heat-
induced germ cell apoptosis in rat (Jia et al., 2009), bovine ejaculated sperm cell apoptosis/apoptotic-
like changes occurred through activating Bax since Bcl2 is not detected in bovine sperm cells (Martin 
et al., 2007), leading to subsequent activation of mitochondria-dependent death processes. 
Consequently, low mitochondrial membrane potential, increased plasma membrane damage, 
increased DNA fragmentation and finally decreased sperm motility are manifested. MAPK14 
inhibition by a specific inhibitor SB203580 can significantly inhibit the downstream signaling 
cascades. 
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Therefore, we reasonably speculated that MAPK14 signaling pathway-blocked bovine 
spermatozoa (by inhibitor SB203580) subjected to heat-stress would increase in vitro 
fertilization and embryo development rates as compared to heat-stressed control or DMSO-
added spermatozoa. Unexpectedly, we observed that neither the rates of fertilization 
(although a trend of increasing fertilization rate, P = 0.08) nor embryo development were 
significantly improved after insemination of oocytes with MAPK14 signaling pathway-
blocked spermatozoa. An insufficient dose of the inhibitor SB203580 was not the underlying 
cause for such results since higher doses (20 and 40 µg/ml) did not lead to better results (data 
not shown). Other possibilities may be that more than one member of the MAPK family is 
involved in heat stress-induced sperm damage. Therefore, the following possible explanations 
can be put forward for these unexpected outcomes: i) unlike the mouse and rat model (Jia et 
al., 2009), heat stress in bovine spermatozoa can also activate MAPK1/3 and/or MAPK8 
signaling pathways and exert its deleterious effects; however, this hypothesis needs further 
investigation before it can be confirmed, ii) bovine embryo development to the blastocyst 
stage requires both MAPK and ERK signaling pathways but one pathway has been found to 
compensate the other pathway (Madan et al., 2005); hence in our study, it  may be possible 
that the fertilization medium contains leftover SB203580 (from semen sample even after 
washing) may block the embryos’ MAPK14 signaling pathway. However, this hypothesis is 
very unlikely because in that situation the MAPK14 signaling pathway would probably be 
compensated by ERK pathway.  
The practical relevance of the heat stress effects on spermatozoa may reflect the 
changes occurring in the reproductive tract of heat-stressed cows. In fact, cows exposed to 
heat-stressed environment have been found to raise rectal/reproductive tract temperature up 
to 41°C (Elvinger et al., 1992; Paula et al., 2008). Insemination of cows during such heat-
stressed conditions has been reported to reduce field fertility and conception (reviewed in 
Hansen, 2009). Our data support the hypothesis that spermatozoa may be damaged during 
semen processing or in the cows’ reproductive tract, especially under heat-stressed 
conditions. However, in vitro heat stress to spermatozoa does not completely represent the 
facts that occur in vivo in the cow’s reproductive tract, since oviductal fluid and epithelial 
cells maintain sperm motility and viability (Pollard et al., 1991). Moreover, spermatozoa of 
different breeds have different thermotolerance capability.  
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In conclusion, incubation of spermatozoa at temperatures characteristic of 
normothermia or hyperthermia affected sperm motility and functions. Normal fertilization 
and cleavage rates were not affected by sperm incubation at normothermic temperature but 
embryo development to blastocyst stage was compromised. Furthermore, sperm incubation at 
hyperthermic temperature severely compromised fertilization, cleavage and subsequent 
embryo development potential. The present study identified MAPK14 as a key signaling 
pathway by which heat stress activates the intrinsic signal transduction and promotes sperm 
cell damage. Therefore, we suggest that inhibition of the MAPK14 signaling pathway during 
heat stress on sperm cells may be an option for maintaining sperm cell function under tropical 
conditions. However, before practical applications can be contemplated further research is 
needed to investigate phosphorylation of MAPKAPK2 (MAP kinase-activated protein kinase 
2), HSP27 as part of the possible toxicity of the inhibitor on embryos and to elucidate other 
signaling pathways involved in heat-induced bovine sperm cell damage and subsequent 
fertilization and embryo development potential.  
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6.1. Abstract 
Exposure of gametes to specific stressors at sublethal levels can enhance the gamete’s 
subsequent performance in processes such as cryopreservation. In the present study, bull 
spermatozoa were subjected to H2O2 for 4 h at 100, 200 and 500 µM levels: computer-assisted 
sperm analysis (CASA) and terminal deoxynucleotidyl transferase-mediated dUTP nick-end 
labeling (TUNEL) assay were used for evaluation of subsequent sperm motility and DNA 
integrity, respectively. Exposure of spermatozoa to H2O2 did not affect sperm motility but 
DNA integrity was negatively affected by 500 µM H2O2 compared to mock-exposed 
spermatozoa, while both motility and DNA integrity were affected compared to control 
spermatozoa. Nevertheless, insemination of oocytes with spermatozoa exposed to 200 µM 
H2O2 increased fertilization, cleavage and blastocyst rates (P < 0.05). Furthermore, we 
showed that the higher blastocyst yield after fertilization of oocytes with sperm exposed to 
200 µM H2O2 was related to the oocyte diameter, with large/medium oocytes yielding higher 
blastocyst rates, while small-diameter oocytes consistently failed to develop into blastocysts. 
In conclusion, the results indicate that exposure of spermatozoa to 200 µM H2O2 before 
sperm-oocyte interaction may enhance in vitro embryo production in cattle. However, this 
increased embryo production is largely dependent on the oocytes’ intrinsic quality. 
Additional Keywords: Oxidative stress, DNA damage, Total cell number.  
 
 
6.2. Introduction 
Sperm cells encounter oxidative stress either in the male or female reproductive tract 
(Wathes et al., 2007) or while being processed for assisted reproductive technologies (ART) 
(Bilodeau et al., 2001). Spreading valuable male genetics worldwide has only been made 
possible after the introduction of semen cryopreservation in cattle breeding and as such, this 
technique has been playing an important role in improving livestock genetic potential. The 
downside of semen cryopreservation is that about 50% of sperm cells do not survive after 
freeze-thawing (Vishwanath, 2003). Lethal and sub-lethal damage to the sperm cell is held 
responsible for the poor semen quality and compromised fertility of cryopreserved semen 
(Watson, 2000). The underlying mechanisms of damage to the sperm cell are yet to be fully 
documented. The role of reactive oxygen species (ROS) in sperm damage is recently gaining 
more and more attention especially in relation with sperm function, fertilization and embryo 
developmental potential. Apart from the production of ROS by leukocytes (Aitken and West, 
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1990) and the spermatozoa themselves (Henkel et al., 1997; Holland et al., 1982), semen 
processing for ART is often said to be responsible for additional amounts of ROS, which may 
further damage the sperm plasma membrane through increased lipid peroxidation (Brouwers 
and Gadella, 2003). The presence of high concentrations of polyunsaturated fatty acids in the 
sperm plasma membrane on one hand and low levels of antioxidants in the cytoplasm on the 
other hand render sperm cells very vulnerable to oxidative stress and peroxidative attack by 
ROS (Aitken et al., 1998; Chatterjee and Gagnon, 2001). Physiologically a certain amount of 
ROS is required for regulating several transmembrane signal transduction pathways in 
somatic cells (Rhee, 2006) and in spermatozoa for capacitation and acrosome reaction (Aitken 
et al., 1995; de Lamirande and Gagnon, 1993). In contrast, high concentrations of ROS reduce 
sperm motility and viability which culminate into poor sperm-zona pellucida binding and 
impaired sperm-oocyte interaction (Aitken and Fisher, 1994; de Lamirande and Gagnon, 
1995; Oehninger et al., 1995).  
Hydrogen peroxide is one of the ROS products that has been shown to reduce plasma 
membrane integrity in human spermatozoa by lipid peroxidation (Storey, 1997) and to 
increase DNA damage in the form of either single- or double-stranded DNA breaks or 
modification of all four naturally occurring DNA bases (Aitken et al., 1998; Duru et al., 2000; 
Li et al., 2006; Lopes et al., 1998; Sawyer et al., 2003). Likewise, H2O2 induces lipid 
peroxidation and DNA strand breaks in bovine sperm cells (Brouwers et al., 1998; Schiller et 
al., 2003; Silva et al., 2007). Sperm DNA fragmentation does not necessarily affect 
fertilization as DNA repair mechanisms are present in the oocyte that allow further 
development, even after fertilization with DNA-fragmented spermatozoa (Matsuda and 
Tobari, 1989; Telford et al., 1990). However, fertilization with severely damaged sperm 
prevents embryo development after the second and third cleavage by apoptotic mechanisms 
(Fatehi et al., 2006). Hence, the quantification of sperm DNA damage is considered to be of 
the utmost importance for ART especially for in vitro embryo production. Recently, it has 
clearly been shown that a conventional TUNEL assay always underestimates the actual DNA 
damage in sperm cells (Mitchell et al., 2011) due to the highly condensed nature of sperm 
DNA because of protamination (Balhorn et al., 1992; Vilfan et al., 2004). Mitchell et al. 
(2011) reported that relaxation of protamine bonds by dithiothreitol (DTT) before TUNEL 
staining, termed as modified TUNEL assay, can more correctly determine DNA damage in 
human sperm. It is conceivable that also in bull spermatozoa relaxation of protamine bonds by 
DTT before TUNEL staining may be a viable option for a more reliable detection of sperm 
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DNA damage especially after periods of stress (e.g. cryopreservation). The widespread 
application of cryopreserved semen in the cattle industry and the vulnerability of the sperm 
cells to oxidative stress ask for such a reliable DNA damage detection technique.  
Despite the detrimental effect of stressors for both oocytes and spermatozoa, it has 
recently been discovered that application of sublethal stressors to gametes can enhance 
subsequent stress tolerance, fertilizing ability and developmental competence of embryos. In 
oocytes, high hydrostatic pressure (Du et al., 2008; Pribenszky et al., 2008), osmotic stress 
(Lin et al., 2009) and oxidative stress by H2O2 (Vandaele et al., 2010) have been reported to 
enhance stress tolerance, as evidenced by increased in vitro embryo yield. Similarly, in boar 
and bull semen, high hydrostatic pressure at sublethal levels has been shown to increase post-
thaw sperm motility, viability and field fertility (Pribenszky et al., 2006; 2007; 2010a). The 
beneficial effects of hydrostatic pressure on boar spermatozoa were related to increased levels 
of several proteins that play a role in lipid metabolism, redox regulation and fertilizing ability 
(Huang et al., 2009). Since the sperm cells are transcriptionally inactive (Grunewald et al., 
2005), it is not clear yet how these elevated levels of proteins are generated or how they can 
start the mechanism of defense against stress and enhance subsequent fertilization. However, 
it is obvious that the beneficial effects of sublethal stressors on sperm cells before fertilization 
either in vitro or in vivo are dependent on the intensity of sperm DNA damage and the extent 
of the oocytes’ DNA repairing mechanism (Christmann et al., 2003; Sancar et al., 2004; Van 
Soom et al., 2007). The modified TUNEL assay can be used to monitor sperm DNA damage 
more precisely. The oocytes’ DNA repairing mechanism is probably closely related with 
oocyte quality in terms of oocyte diameter as evidenced by faster cleavage and superior 
embryo development after fertilization of large oocytes (Vandaele et al., 2007). Thus, it can 
be hypothesized that larger oocytes, containing a higher mRNA and protein stockpile in 
comparison with smaller oocytes, have a higher potential to repair oxidative damage to sperm 
DNA and plasma membranes, which may result in improved blastocyst quality (Caixeta et al., 
2009; Donnison and Pfeffer, 2004; Fair, 2003). In literature, however, no information is 
available regarding the interaction of sperm DNA damage after oxidative stress and the 
possibilities of DNA repair by the oocyte in relation to its diameter on subsequent embryo 
development  
Therefore, the aims of the present study were to investigate the effects of sublethal 
H2O2 stress on bovine sperm motility, DNA integrity, and the role of the oocyte diameter on 
subsequent embryo development and embryo quality in terms of apoptosis.  
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6.3. Materials and methods 
6.3.1. Materials 
Tissue Culture Medium (TCM) 199, gentamycin, basal medium eagle (BME) amino 
acids and minimal essential medium (MEM) amino acids, fetal calf serum (FCS) were 
purchased from GIBCO-BRL Life Technologies (Merelbeke, Belgium). Fluorescent probes, 
Propidium Iodide (PI) and Hoechst 33342 were purchased from Molecular Probes (Eugene, 
Oregon, USA). Unless otherwise stated all other components were purchased from Sigma (St. 
Louis, MO, USA). All media were filtered through a sterile 0.22 µm filter (Millipore 
Corporation, New Bedford, MA, USA) prior to use. 
 
6.3.2. Semen preparation 
Six frozen semen straws were separated through a discontinuous Percoll gradient (45% 
and 90% Percoll (v/v); Pharmacia) to select viable and motile spermatozoa. The sperm pellet 
was then suspended to 50x106 spermatozoa/ml in Sp-TALP and exposed to 100, 200 or 500 
µM H2O2 for 4 h in 5% CO2 in humidified air at 38.5°C. A fourth part of the semen sample 
(50×106 spermatozoa/ml) was incubated for 4 h in Sp-TALP without H2O2 termed as mock-
exposed control. Additionally, two semen straws were thawed, separated by Percoll gradient 
and diluted to 50×106 spermatozoa/ml as non-incubated control termed as IVF control. The 
IVF control semen sample was prepared so that it could be used for fertilization at the end of 
the incubation period of H2O2-exposed or mock-exposed spermatozoa.     
 
6.3.3. Computer-assisted sperm analysis 
Computer-assisted sperm analysis was carried out using a Hamilton Thorne motility 
analyzer (CEROS version 12.3d; Hamilton-Thorne Research, Beverly, MA, USA). The 
parameter settings were: Frame rate = 60 Hz; Number of frames captured= 30; Minimum 
contrast = 20; Minimum cell size = 10 pixels; Non-motile head size = 5 pixels; Non-motile 
head intensity = 20; Medium path velocity (VAP) cut-off = 50 µm/s; Straightness (STR) cut-
off = 70 %; Low VAP cut-off = 30 µm/s; Low straight line velocity (VSL) cut-off = 15 µm/s 
as described by Hoflack et al. (2007) with minor modifications. Using the playback facility, 
preliminary trials were performed to evaluate whether the sperm cells were correctly 
identified. Ten microliter of diluted semen was placed on a pre-warmed (37°C) Makler 
chamber and sperm motility parameters were analyzed in five different focus fields using a 
10× negative phase contrast objective.  
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6.3.4. Sperm DNA fragmentation assessment (TUNEL assay)  
Terminal deoxynucleotidyl transferase fluorescein-dUTP nick-end labeling (TUNEL) 
assay (In Situ Cell Death Detection Kit, Boehringer, Mannheim, Germany) was used to detect 
the presence of free 3´-OH termini in single and double-stranded sperm DNA after treating 
purified spermatozoa at different concentrations of H2O2. Spermatozoa were washed with Sp-
TALP and incubated in 2 mM DTT in Sp-TALP for 45 min at room temperature as described 
by Mitchell et al. (2011). Sperm cells were centrifuged at 700 g for 5 min and washed in Sp-
TALP. Afterwards, sperm samples were diluted with polyvinylpyrrolidone (PVP) solution (1 
mg/ml in PBS) to a final concentration of 10×106 spermatozoa/ml from which a 10 µl aliquot 
was smeared onto a poly-L-lysine-coated microslide. After fixation with 4% 
paraformaldehyde in PBS solution (pH 7.4) for 15 min on ice and permeabilization with 0.5% 
(v/v) Triton X-100 in PBS and 1% sodium citrate for 30 min at room temperature, the 
spermatozoa were incubated with TUNEL mixture (fluorescein-dUTP and terminal 
deoxynucleotidyl transferase) for 1 h at 37°C in the dark. Both positive (1 mg/ml DNAse I) 
and negative controls (nucleotide mixture in the absence of transferase) were included in each 
replicate. Hoechst 33342 was used to counterstain sperm DNA. Samples were examined by 
fluorescence microscopy (Leica, DMR; magnification 400×, oil immersion). From each 
sample at least 500 spermatozoa were analyzed randomly to evaluate the percentage of 
TUNEL-positive sperm cells.  
 
6.3.5. In vitro maturation and fertilization  
To determine the effects of oxidative-stressed spermatozoa prior to sperm-oocyte co-
incubation on fertilization, abattoir derived bovine oocytes were matured and fertilized in 
vitro. The method for oocyte maturation and fertilization was used as described by Vandaele 
et al. (2006). In brief, bovine ovaries were washed three times in warm physiological saline 
supplemented with Kanamycin (25 mg/ml, GIBCO-BRL Life Technologies, Merelbeke, 
Belgium). The oocytes were aspirated from follicles between 4-8 mm in diameter. Only 
oocytes with evenly granulated ooplasm and multilayered (2-6) non-expanded cumulus cells 
were selected for in vitro maturation in modified bicarbonate buffered TCM 199 medium 
supplemented with 20% heat-inactivated FCS. On average, 100-120 oocytes were matured in 
500 µl maturation medium in a four-well plate for 20-24 h at 38.5°C in 5% CO2 in air. After 
20-24 h of maturation, COCs were washed in IVF-TALP once and transferred into 500 µl of 
IVF medium. Hydrogen peroxide-exposed semen samples were washed in Sp-TALP before 
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insemination to COCs. The final concentration of spermatozoa was 2×106/ml in IVF-TALP 
consisting of bicarbonate buffered Tyrode solution supplemented with BSA (6 mg/ml) and 
heparin (10 µg/ml). After 20-24 h of co-incubation, presumptive zygotes were vortexed to 
remove cumulus cells and excessive spermatozoa. Then, the putative zygotes were fixed in 
fixative solution (2% paraformaldehyde + 2% glutaraldehyde in PBS) and kept at 4°C for 24 
h. The fixed presumptive zygotes were subsequently stained with Hoechst 33342 (10 µg/ml in 
PBS) for 10 min in the dark at room temperature. After putting a drop of glycerol with 1, 4-
diazabicyclo (2.2.2) octane (DABCO) 5-10 zygotes were placed on the siliconised slide, and 
coverslipped. Pronuclei of presumptive zygotes were identified by epifluorescence 
microscopy (Leica, DMR) at magnification 400× (oil immersion). Zygotes with 2 pronuclei 
(PN) were considered as being normally fertilized and those with more than 2 PN were 
considered to be polyspermic (Thys et al., 2009).  
 
6.3.6. In vitro embryo production 
Embryos were cultured by routine in vitro culture methods (Vandaele et al. 2006). In 
brief, oocyte maturation and fertilization procedures were followed as described above. After 
vortexing, presumptive zygotes were washed and transferred to 50 µl droplets of synthetic 
oviductal fluid supplemented with amino acids and FCS (SOFaa + 5% FCS) medium under 
mineral oil and cultured in a group of 25 zygotes up to 168 hpi at 39°C in 5% CO2, 5% O2 and 
90% N2. At 45 hpi zygotes were evaluated for cleavage and at 168 hpi for blastocyst 
development. 
 
6.3.7. Evaluation of apoptotic cell ratio in blastocysts 
The apoptotic cell ratio (ACR) in blastocysts was determined by TUNEL (In Situ Cell 
Death Detection kit, Boehringer, Mannheim, Germany) as described by Vandaele et al. 
(2010). In brief, paraformaldehyde (4%) fixed embryos were permeabilized by 0.5% Triton 
X-100 in PBS for 1 h. Positive and negative controls were treated with DNase I for 1 h at 
37°C to ensure detection of DNA strand breaks by TUNEL. Subsequently, positive control 
and test embryos were incubated with terminal deoxynucleotidyl transferase for 1 h at 37°C in 
the dark while the negative control was incubated in nucleotide mixture, in the absence of 
transferase. After washing in the PVP solution, controls and test embryos were incubated in 
RNase I for 1 h at room temperature to avoid background staining of RNA in the cytoplasm. 
The nuclei of embryos were then counterstained by PI (5 µg/ml in PBS) for 1 h at room 
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temperature. After a quick wash in the PVP solution, embryos were mounted in a drop of 
DABCO on a siliconised glass slide. Embryos were then examined by fluorescence 
microscopy (Leica, DMR, magnification 400×, oil immersion). TUNEL positive nuclei 
appeared as bright yellowish green, whereas TUNEL negative nuclei colored red. Nuclei that 
appeared TUNEL positive and condensed or fragmented were defined as apoptotic.           
 
6.3.8. Experimental design 
6.3.8.1. Experiment 1: Exposure of spermatozoa to different concentrations of H2O2 
After exposure of spermatozoa to 100, 200 or 500 µM H2O2 or without H2O2 (mock-
exposed control) for 4 h and immediately after Percoll separation (IVF control), sperm 
motility parameters and DNA integrity were assessed by CASA (4 replicates) and TUNEL 
staining (3 replicates), respectively. A total of 2237 oocytes were matured (100-120 oocytes 
per group) for 20-24 h and fertilized with spermatozoa of different groups (4 replicates). At 
24 hpi, the presumptive zygotes were denuded and cultured. In each group, 75 zygotes were 
cultured for embryo development. The remaining 25-45 zygotes were denuded, fixed with 2% 
(w/v) paraformaldehyde and 2% (w/v) glutaraldehyde, and subjected to Hoechst 33342 
staining for assessment of fertilization (two pronuclei) and sperm penetration (at least two 
pronuclei) (Thys et al. 2009). At 45 hpi, embryos were evaluated for cleavage rate and at 7 
dpi for blastocyst development and all blastocysts were fixed with 4% (w/v) 
paraformaldehyde in PBS. Subsequently, apoptotic cell ratio (ACR) was determined after 
TUNEL staining.  
 
6.3.8.2. Experiment 2: Role of oocyte gradation in subsequent embryo development and 
preimplantation blastocyst quality after fertilization with mild (200 µM) H2O2-exposed 
spermatozoa  
A total of 1263 oocytes were matured and fertilized with IVF control, mock-exposed 
control and mild levels (200 µM) of H2O2-exposed spermatozoa (4 replicates, 100-120 
oocytes/group). At 24 hpi, presumptive zygotes were denuded by vortexing and measured for 
diameter (cytoplasm without zona) by an experienced operator and divided into 3 groups: a) 
small (<110 µm), b) medium (110-120 µm) and c) large (>120 µm). The zygotes were then 
cultured group wise (in group) in modified SOF medium and embryos were evaluated for 
blastocyst development. All blastocysts were fixed in 4% paraformaldehyde and subjected to 
TUNEL staining for evaluation of TCN and ACR.       
132  Chapter 6 
 
6.3.9. Statistical analysis 
In the first experiment, mixed model analysis of variance (ANOVA) was used to 
analyze CASA sperm motility parameters, DNA damage, cleavage and blastocyst 
development rates and ACR. These parameters were used as dependent variables, group as 
fixed factor and replicate as random factor. Post hoc pairwise comparisons between the 
groups were made using Scheffe test. Logistic regression with normal fertilization (2 PN), 
polyspermy (>2 PN) and sperm penetration (≥ 2 PN) as dependent variables and group as 
independent variable including the effect of replicate was performed to analyze normal 
fertilization, polyspermy and sperm penetration rates. In the second experiment, mixed model 
ANOVA were performed with blastocyst, TCN and ACR as dependent variables, group as 
fixed factor and replicate as random factor. Post hoc pairwise comparisons between the 
groups were made using Scheffe test. For all mixed model analyses, the assumptions of 
normal distribution of data and homogeneity of variances between the groups were checked 
by Levene’s test. The level of significance was set at P < 0.05 (two-sided test). All statistical 
analyses were conducted by using SPSS version 17.0.  
 
6.4. Results 
6.4.1. Experiment 1 
6.4.1.1. Exposure of spermatozoa to H2O2 had no effect on sperm motility parameters (CASA 
assessment) 
The mean ± SEM of sperm motility parameters (total motility, progressive motility, 
VAP, VSL and VCL) after exposure for 4 h to H2O2 did not decrease in comparison with  
mock-exposed control spermatozoa (P > 0.05) (Table 1). Therefore, the significant lower 
percentages of total and progressive motile spermatozoa after 4 h exposure to 500 µM H2O2 
in comparison with IVF control spermatozoa (i.e. without 4h incubation) (P <0.05) can be 
attributed to the combination of H2O2 exposure and the time between sperm preparation and 
analysis.  
 
6.4.1.2. Exposure of H2O2 to spermatozoa at 500 µM increased sperm DNA damage (TUNEL 
assay)  
Exposure to 500 µM H2O2 affected DNA integrity in sperm cells (P < 0.01) in 
comparison with mock-exposed control spermatozoa (Fig. 1). Although exposure of 
spermatozoa to 200 µM H2O2 had no effect on DNA integrity in comparison with mock-
exposure, it was detrimental in comparison with IVF control spermatozoa (P < 0.05).   
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Table 1. Sperm motility parameters (mean ± SEM %) determined by CASA immediately after 
Percoll separation (IVF control) and after 4 h incubation without H2O2 (mock-exposed 
control) or with H2O2 at levels of low (100 µM), mild (200 µM) and high (500 µM).  
Experimental 
groups 
Motility 
(%) 
Progressive 
motility (%) 
VAP (µm/s) VSL (µm/s) VCL (µm/s) 
IVF Control 77.3 ± 2.0a 49.3 ± 2.2a 118.6 ± 0.9a 90.7 ± 0.2a 203.7 ± 4.9a 
Mock Control 65.3 ± 2.3ab 41.0 ± 3.2ab 111.3 ± 15.9a 86.8 ± 9.0a 187.1 ± 30.3a 
100 µM H₂O₂ 66.7 ± 2.4ab 39.0 ± 3.0ab 101.3 ± 6.1a 81.5 ± 3.7a 177.1 ± 20.7a 
200 µM H₂O₂ 59.7 ± 3.2b 32.0 ± 4.7b 93.4 ± 5.5a 70.7 ± 10.5a 170.7 ± 6.8a 
500 µM H₂O₂ 57.7 ± 6.3b 34.7 ± 5.2b 96.4 ± 4.6a 76.1 ± 9.3a 169.5 ± 7.0a 
a,b Values in the same column with different superscript letters differ significantly (P < 0.05). 
 
 
 
Fig. 1. Bars showing sperm DNA damage (mean ± SEM %) assessed by modified TUNEL assay 
immediately after Percoll separation (IVF control) and after 4 h incubation without H2O2 (Mock 
control) or with H2O2 at levels of low (100 µM), mild (200 µM) and high (500 µM). Following 
incubation, spermatozoa were treated with 2 mM dithiothreitol (DTT) for 45 min at room temperature. 
a,b,c Bars with different superscript letters differ significantly (P < 0.05).  
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6.4.1.3. Incubation of spermatozoa with 200 µM H2O2 increased fertilization and sperm 
penetration rates   
Fertilization and sperm penetration rates were not affected by mock-exposure of the 
spermatozoa (Fig. 2). Conversely, fertilization and sperm penetration were significantly 
enhanced when using spermatozoa exposed to 200 µM H2O2 in comparison with mock-
exposure (P < 0.05). Lower (100 µM) or higher (500 µM) levels of H2O2 had no effect in 
comparison with mock-exposure (P > 0.05). These results indicate that mild levels (200 µM) 
of H2O2 exert a beneficial effect on sperm penetration into oocytes, while low (100 µM) or 
high (500 µM) levels show no effect.   
 
 
Fig. 2. Bars showing the percentages (mean ± SEM) of fertilization, polyspermy and total sperm 
penetration (sum of both bars) of oocytes after insemination with spermatozoa immediately after 
Percoll separation (IVF control) and after 4 h incubation without H2O2 (Mock control) or with 
different levels of H2O2 (low, 100 µM; mild, 200 µM and high, 500 µM). Cap less minus error bars 
represent SEM for fertilization and positive error bars with cap represent SEM for polyspermy. 
Number at the based base of each bar indicates total number of oocytes used for fertilization. a,b Bars 
with different superscript letters differ significantly (P < 0.05). 
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6.4.1.4. Insemination of oocytes with spermatozoa exposed to 200 µM H2O2 increased 
cleavage and blastocyst rates  
Oocytes inseminated with spermatozoa exposed to H2O2 for 4 h at 200 µM showed 
higher cleavage rates when compared to oocytes inseminated with mock-exposed 
spermatozoa as well as to other groups (P < 0.05) (Fig. 3). Likewise, blastocyst development 
rates after fertilization of oocytes with spermatozoa exposed to 200 µM H2O2 was also higher 
in comparison with other groups (P < 0.05).  
 
6.4.1.5. Blastocysts generated from oocytes fertilized with spermatozoa exposed to 200 µM 
H2O2 did not show increased apoptosis (TUNEL assessment)  
The apoptotic cell ratio (ACR; mean ± SEM %) in blastocysts generated from oocytes 
after fertilization with spermatozoa exposed to 200 µM H2O2 was not different in comparison 
with the ACR in blastocysts derived from mock-exposed control, IVF control or 100 µM 
H2O2-exposed group (Fig. 4). However, ACR was higher in blastocysts produced from 
embryos after fertilization of oocytes with spermatozoa exposed to 500 µM H2O2 in 
comparison with other groups (P < 0.05).   
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Fig. 3. Bars showing the percentages (mean ± s.e.m.) of oocytes that cleaved and developed to the 
blastocyst stage following insemination with spermatozoa immediately after Percoll separation (IVF 
control; white bar) and after 4 h incubation without H2O2 (Mock control; dotted white bar) or with 
H2O2 at levels of low (100 µM; crossed bar), mild (200 µM; bar with vertical lines) and high (500 µM; 
bar with horizontal lines). Number at the based base of each bar indicates the total number of oocytes 
used for cleavage and blastocyst development. a,b Bars with different superscript letters in the same 
group differ significantly (P < 0.05).  
 
 
 
Fig. 4. Bars showing apoptotic cell ratio (mean ± SEM) in blastocysts at 168 hpi of oocytes with 
spermatozoa immediately after Percoll separation (IVF control) and after 4 h incubation without H2O2 
(Mock control) or with different levels of H2O2 (low, 100 µM; mild, 200 µM and high, 500 µM). 
Number at the base of each bar indicates the total number of blastocyst investigated for apoptotic cells 
evaluation. a,b Bars with different superscript letters differ significantly (P < 0.01).  
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6.4.2. Experiment 2 
6.4.2.1. Higher embryo yield after fertilization of oocytes with spermatozoa exposed to 200 
µM H2O2 is related to oocyte quality (based on diameter) 
The results show that oocyte diameter plays a significant role in subsequent embryo 
development after fertilization of oocytes with spermatozoa exposed to 200 µM H2O2, as 
indicated by higher (P < 0.05) blastocyst rates in medium-sized oocytes in comparison with 
mock-exposed or IVF control spermatozoa (21.5% vs 11.0% and 14.0%, respectively) (Fig. 
5). However, the blastocyst rates derived from large-sized oocytes (29.0%) after fertilization 
with spermatozoa exposed to 200 µM H2O2 was not different (P > 0.05) in comparison with 
mock-exposed or IVF control spermatozoa (20.6% and 22.6%, respectively), probably due to 
the low number of oocytes examined compared to the large number of medium-sized oocytes. 
Remarkably, small-sized oocytes consistently failed to produce blastocysts after fertilization 
with spermatozoa incubated with 200 µM H2O2.  
 
6.4.2.2. Blastocysts generated from graded oocytes (based on diameter) fertilized with 
spermatozoa exposed to 200 µM H2O2 did not show a compromised quality (TUNEL 
assessment)  
The total cell number (TCN; mean ± SEM) of blastocysts originating from medium- or 
large-sized oocytes fertilized with spermatozoa exposed to 200 µM H2O2 was not different (P 
> 0.05) in comparison with TCN of blastocysts derived from mock-exposed or IVF control 
group (Table  2). Moreover, the apoptotic cell ratio (ACR) in blastocysts developed from 
medium-sized oocytes inseminated with spermatozoa exposed to 200 µM H2O2 was lower (P 
< 0.05) in comparison with the ACR of blastocysts developed from mock-exposed control 
group. Furthermore, apoptotic cell ratio (ACR) in blastocysts derived from medium- or large-
sized oocytes fertilized with spermatozoa exposed to 200 µM H2O2 was not different when 
compared to the ACR in blastocysts derived from the IVF control group (Fig. 6). The results 
further indicate that the blastocysts produced from oocytes after fertilization with spermatozoa 
exposed to 200 µM H2O2 are not of inferior quality in terms of apoptosis.        
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Fig. 5. Bars showing percentage of blastocysts (mean ± SEM) yielded at 168 hpi from small (<110 
µm), medium (110-120 µm) and large (>120 µm) oocytes following fertilization with spermatozoa 
immediately after Percoll separation (IVF control; white bar) and after 4 h incubation without H2O2 
(Mock control; gray bar) or with H2O2 at mild levels (200 µM; black bar). Number at the base of each 
bar indicates the number of oocytes used for blastocyst development. a,b Bars with different superscript 
letters in the oocyte group differ significantly (P < 0.05).  
 
 
 
Fig. 6. Bar showing apoptotic cell ratio (mean ± SEM) in blastocysts generated at 168 hpi from 
medium (110-120 µm) and large (>120 µm) oocytes after fertilization with spermatozoa immediately 
after Percoll separation (IVF control; white bar) and after 4 h incubation without H2O2 (Mock control; 
gray bar) or with H2O2 at mild levels (200 µM; black bar). Number at the base of each bar indicates 
total number of blastocysts investigated for apoptotic cells evaluation. a,b Bars with different 
superscript letters in the same oocyte group differ significantly (P < 0.05).  
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Table 2. Total cell number (TCN; mean ± SEM) after TUNEL staining of blastocysts (at 168 
hpi) originating from different size of oocytes following fertilization with spermatozoa 
immediately after Percoll separation (IVF control) or after 4 h incubation without H2O2 
(Mock control) or with H2O2 at mild levels (200 µM). 
 
Groups Large oocytes 
(>120 µm) 
Medium oocytes 
(110-120 µm) 
Small oocytes 
(<110 µm) 
IVF Control 119.6 ± 13.3 (n= 9) 97.1 ± 4.8 (n= 40) 68.7 ± 4.8 (n= 3) 
Mock Control 98.3 ± 6.9 (n = 11) 83.2 ± 3.3§(n= 38) 59.0 ± 7.0 (n = 2) 
200 µM H2O2 107.3 ± 5.6 (n = 20) 92.8 ± 3.4 (n= 63) # 
§ Indicates trend of difference (P = 0.07) in TCN for blastocysts derived from medium-sized oocytes in 
comparison with IVF control. # Indicates no blastocyst yielded. 
 
 
6.5. Discussion  
Exposure of spermatozoa to mild H2O2 (200 µM) did not affect sperm motility 
parameters and DNA quality as compared with the mock-exposure control. Interestingly, 
insemination of oocytes with 200 µM H2O2-exposed spermatozoa increased fertilization, 
cleavage and blastocyst rates. In contrast, low levels of H2O2 (100 µM) had no influence on 
DNA integrity, cleavage and blastocyst development while high levels were detrimental. 
Blastocyst quality was not affected after fertilization of oocytes with spermatozoa exposed to 
100 µM or 200 µM levels of H2O2 but high (500 µM) levels were pernicious as revealed by 
increased apoptotic cell ratio in blastocysts. The beneficial effect of 200 µM H2O2 exposure to 
spermatozoa on subsequent blastocyst yield could partially be explained by increased 
fertilization rates but was largely related to the oocytes’ intrinsic quality: we showed that the 
large/medium-sized oocytes produced significantly higher blastocyst rates but the small-sized 
oocytes consistently failed to develop to the blastocyst stage. 
Exposure of spermatozoa to high oxidative stress is considered to be an important 
cause of subfertility or infertility either in human or in farm animals (Aitken and Clarkson, 
1987; Bilodeau et al., 2001). Silva et al. (2007) reported that exposure of bovine spermatozoa 
to high concentrations of hydrogen peroxide (500 µM) was detrimental to plasma membrane 
integrity, mitochondrial potential, DNA integrity, fertilization and embryo developmental 
potential whereas low concentrations (100 µM) had no adverse effects. Moreover, oxidative 
stressors such as menadione and tetra-butyl hydroperoxide decreased sperm motility and 
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negatively affected embryo cleavage and blastocyst development rates when the treated 
semen was used for in vitro fertilization in cattle (Hendricks and Hansen, 2010). Similarly, in 
our study, exposure of bull spermatozoa to H2O2 at 100 µM had no adverse effect on the total 
sperm motility or progressive motility as determined by computer-assisted sperm analysis 
techniques, but 200 µM to 500 µM levels significantly decreased sperm motility parameters 
while compared to IVF control but not with mock-exposed control (Table 1). This result 
indicates that incubation of spermatozoa for 4 h without H2O2 hampered sperm motility to 
some extent. The hampered sperm motility after incubation or H2O2 exposure is caused by a 
loss of membrane structure and membrane fluidity in response to excessive production of 
several reactive oxygen species (du Plessis et al., 2010; Silva et al., 2007). Hydrogen peroxide 
at high concentrations results in the formation of three types of free radicals/reactive oxygen 
species. First, H2O2 forms hydroxyl radicals; a highly reactive molecule that can react with 
acyl chains of membrane phospholipids and, in doing so, can induce lipid peroxidation and 
DNA damage (Alvarez et al., 1987; Raha and Robinson, 2001). Secondly, H2O2 in the 
cytoplasm can produce a hydroxyl radical by reacting with superoxide radicals (O2-), which is 
a by-product of normally functioning mitochondria. Thirdly, the exposure of sperm cells to 
H2O2 has been shown to increase intracellular NO production. Low concentrations of H2O2 
(100 µM), on the other hand, are not that pernicious for sperm motility; they can stimulate 
tyrosine phosphorylation that is essential for sperm capacitation (Silva et al., 2007).  
High percentages of progressive motility and low percentages of DNA damage in 
spermatozoa are good predictors of in vitro fertilization capacity (Simon and Lewis, 2011). 
However, sperm DNA damage does not necessarily affect fertilization but blocks further 
embryo development after second or third embryo cleavages because of initiation of apoptosis 
(Fatehi et al., 2006). Therefore, it is conceivable that the paternal genome is not involved in 
the first 2 cleavages, suggesting a pivotal role of sperm DNA in development of embryos to 
blastocyst stages, mainly after embryonic genome activation. Since ART bypasses natural 
sperm selection and could obviously introduce an aberrant paternal genome into the oocyte, 
determination of sperm DNA damage is imperative for predicting further embryo 
developmental competence. Thus, we determined the level of H2O2-induced DNA damage in 
sperm cells by using the modified TUNEL approach, as described by Mitchell et al. (2011). 
This modified TUNEL technique is especially convenient for assessing DNA damage in 
spermatozoa, since it has been demonstrated that the conventional TUNEL assay repeatedly 
failed to depict DNA damage in spermatozoa (Hendricks and Hansen, 2009; Mitchell et al., 
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2011). Due to the highly compacted nature of sperm DNA, which is surrounded with 
protamine molecules, terminal transferase cannot access the sites of DNA nicks for binding. 
In the modified TUNEL approach, the disulfide bonds between the protamine molecules have 
been relaxed by treating the spermatozoa with DTT before being exposed to the TUNEL 
staining. By using the modified TUNEL staining, we could demonstrate with certainty that 
sperm incubation for 4 h with H2O2 at 500 µM significantly increased DNA damage while 
sperm incubation with 100 µM or 200 µM concentrations of H2O2 did not have any influence 
on sperm DNA integrity (Fig. 1).  
Exposure of spermatozoa to low concentrations of H2O2 can increase fertilization rates 
by enhancing sperm capacitation and acrosome reaction (Aitken et al., 1995; de Lamirande 
and Gagnon, 1995) while higher concentrations have an inhibitory effect (de Lamirande and 
Gagnon, 1995; Oehninger et al., 1995). Our data in the present study show that H2O2 at 200 
µM increases normal fertilization and sperm penetration rates (Fig. 2). However, H2O2 at 100 
µM had no significant effect on fertilization whilst 500 µM increased polyspermy. 
Interestingly, the subsequent culture of the zygotes showed that the embryo developmental 
competence of the oocytes that were fertilized with spermatozoa exposed to 200 µM H2O2 
was higher as evidenced by increased fertilization, cleavage and blastocyst rates throughout 
our study (Fig. 3). The increased embryo development after fertilization of oocytes with 
spermatozoa exposed to 200 µM H2O2 was surprising although the rate of blastocyst 
development was not high enough. Therefore, we have repeated the experiments as much as 8 
times and attempted to unveil the possible causes behind these surprising and nearly 
consistent results. Higher sperm capacitation and acrosome reaction might partially be related 
to mild H2O2 (200 µM) exposure to spermatozoa used for in vitro fertilization and embryo 
development (Silva et al., 2007). Moreover, mild levels of H2O2 may induce peroxiredoxin 2, 
a highly effective redox protein present in spermatozoa that regulates peroxide-mediated 
signal transduction events that may be related to higher fertilization and embryo development 
(Manandhar et al., 2009). However, sperm incubation for 4 h without H2O2 significantly 
reduced blastocyst development possibly due to lower sperm capacitation and acrosome 
reaction as evidenced by lower trends of fertilization and cleavage rates, while low levels of 
H2O2 (100 µM) exposure had no adverse effect on blastocyst development. On the other hand, 
embryos fertilized with spermatozoa exposed to high concentrations of H2O2 (500 µM) were 
less competent, probably because of the significant load of DNA damage (27%; TUNEL 
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assay) they received from the male side as was shown in a study (25% at lowest dose of 
irradiation, 0.6 Gy; TUNEL assay) by Fatehi et al. (2006).  
On the other hand, not all stressors are pernicious for gametes; at certain levels they 
can enhance stress resistance. For instance, high hydrostatic pressure applied at certain levels 
and duration (20 MPa for 1 h) on porcine and bovine semen has been shown to increase post-
thaw sperm motility, viability and fertilization rates (Pribenszky et al., 2006; 2007). Similarly, 
Vandaele et al. (2010) showed that exposure of oocytes to H2O2 (100 µM for 1 h) increased 
embryo development and concomitantly decreased apoptotic cell ratio in blastocysts. 
Therefore, it is generally believed that different stressors at sublethal levels can induce 
increased resistance of gametes (Pribenszky et al., 2010a; 2010b). However, it is not 
completely known how sperm cells, which are transcriptionally inactive (Grunewald et al., 
2005), acquire this defense mechanism against stress which results in increased cryotolerance. 
It is believed that a post-transcriptional effect is involved in the increased cryotolerance of 
sperm cells against stress. Support for this hypothesis was reported by Huang et al. (2009) 
who showed that applying high hydrostatic pressure to porcine spermatozoa resulted in higher 
levels of several proteins such as ubiquinol-cytochrome c reductase complex core protein 1, 
perilipin and carbohydrate-binding protein AWN precursor. These proteins are thought to 
play a role in lipid metabolism, redox regulation and fertilizing ability of hydrostatic pressure-
treated porcine spermatozoa as evidenced by increased post-thaw motility and fertility. 
Besides the fact that the mechanism of oxidative stress resistance in sperm cells is not known, 
it is also unclear how the stress-induced changes are interacting with the oocyte upon 
fertilization or how these sperm cells interact with oocytes of different qualities. It is 
speculated that stress related proteins in sperm cells are involved in sperm-oocyte interaction, 
but oocyte quality is still believed to play the first fiddle in early embryonic development 
(Krisher, 2004).  
In order to further investigate the interaction of H2O2-exposed spermatozoa with the 
oocyte at the moment of fertilization and later on during embryo development, we were 
especially interested in the blastocyst quality. Data from our study indicated that the 
prevalence of apoptosis (TUNEL assessment) was not compromised after fertilization of 
oocytes with mild (200 µM) H2O2-exposed spermatozoa (Fig. 4). However, the quality of 
blastocysts was decreased when oocytes were fertilized with spermatozoa exposed to high 
levels of H2O2 (500 µM), which might be due to uncompensable sperm DNA fragmentation 
(Aitken and De Iuliis, 2007; Aitken et al., 2009). Thus, we moved forward to investigating the 
Chapter 6  143 
 
role of the quality of the oocyte in all this. Was the increased blastocyst development which 
was detected after fertilization of oocytes with spermatozoa exposed to mild H2O2 (200 µM) 
related to the intrinsic quality of the oocyte? This is an intriguing question, since the bovine 
embryo is during its first cleavage division critically dependent on the stockpile of maternally 
stored mRNA and proteins in the oocytes (Barnes and First, 1991; Brevini et al. 2002). 
Hence, before the major embryonic genome activation at the 8-16-cell stage (Memili and 
First, 2000; Meirelles et al., 2004), embryo developmental potential is relying on the balance 
of the maternal reserves accumulated in the oocytes during ovarian follicular growth and its 
consumption during embryo cleavages and later embryo development. Previously, we have 
reported that the presence of active apoptotic proteins, caspase-3 and -7, was related to the 
oocytes’ quality as evidenced by oocyte diameter (Vandaele et al., 2007). In the present study 
we demonstrated, for the first time, that the oocyte quality as determined by oocyte diameter 
is crucial for its ability to repair the H2O2-induced sperm DNA damage and that small-sized 
oocytes fertilized with H2O2-exposed spermatozoa consistently failed to develop to the 
blastocyst stage possibly due to the fact that the small oocytes possess less mRNA or proteins 
required for repairing sperm DNA damage. Besides the ROS scavenging enzymes such as 
superoxide dismutase and catalase (Slupphaug et al., 2003), peroxiredoxin enzymes which are 
involved in ROS scavenge are also present in the oocyte (Leyens et al., 2004). We 
hypothesize that they might be differentially expressed in different-sized oocytes, resulting in 
a variation in antioxidant defense. Since large and medium-sized oocytes fertilized with H2O2-
exposed spermatozoa always yielded higher blastocyst rates, they probably contain a better or 
larger stockpile of mRNA and proteins to repair DNA damage. Although the number of small 
(n = 104) and large (n = 162) oocytes was low in comparison with the number of medium (n = 
997) oocytes, the total number of oocytes (n = 1263) was sufficient to draw conclusions 
supported by statistics. We also addressed the quality of blastocysts produced from oocytes of 
different size by assessing the TCN and ACR using TUNEL assay. We did not find any 
difference in TCN or ACR in blastocysts derived from medium- or large-sized oocytes after 
fertilization with IVF control or mild (200 µM) H2O2-exposed spermatozoa, indicating that 
blastocysts produced from mild H2O2-treated spermatozoa were not of inferior quality (Table 
2 and Fig. 6). Several explanations can be put forward for these findings i) oocyte diameter is 
crucial for the development of TCN as well as ACR in embryos in accordance with a similar 
study conducted in goat embryos where medium and large oocytes produced blastocysts with 
higher TCN and lower ACR in comparison with small oocytes (Jimenez-Macedo et al., 2007), 
ii) small oocytes possess less mRNA, proteins, mitochondria and possibly less antioxidants 
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resulting in hampered DNA repairing machineries especially in oxidative-stressed condition, 
iii) mild H2O2 exposure to spermatozoa can modify antioxidants such as peroxiredoxins, 
which act as ROS scavengers and/or modulator of signaling pathways required for sperm 
activation (O’Flaherty and Souza, 2010), resulting in increased fertilization, embryo 
production and quality, iv) spermatozoa incubated without H2O2 (mock-exposed control) may 
not modify peroxiredoxins resulting in lower embryo yield and quality, v) it is also possible 
that H2O2 exposure to spermatozoa may not be completely washed away before being used 
for fertilization, which may trigger oocytes’ stress tolerance pathways resulting in increased 
embryo development and better protection against embryonic apoptosis (Vandaele et al., 
2010), although we believe that this is unlikely here since we washed the semen samples 
thoroughly before sperm-oocyte co-incubation.  
In conclusion, mild H2O2 (200 µM) exposure to spermatozoa before sperm-oocytes 
interaction enhanced fertilization, cleavage and blastocyst rates. Oocyte quality as determined 
by diameter plays an important role in repairing DNA damage of oxidative-stressed 
spermatozoa, probably because of storage of mRNA, proteins and antioxidants. Hydrogen 
peroxide exposure at sublethal level to spermatozoa processing for assisted reproductive 
technologies with careful selection of oocytes may improve blastocyst development.  
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The main objective of this thesis was to study the effects of heat stress on bovine 
spermatozoa during the different stages of spermatogenesis and after ejaculation. Although 
heat stress has been studied thoroughly before and has been shown to affect sperm 
morphology, fertilization and embryo developmental potential, there is a clear lack of studies 
on the effects of heat stress on the chromatin-protamination, which takes place during 
spermatogenesis and on signaling pathways responsible for post-translational modifications 
in the ejaculated spermatozoa. 
The effects of scrotal insulation on semen quality were studied to determine heat 
stress susceptibility of sperm cells at different stages of spermatogenesis in both dairy and 
beef bulls, Holstein-Friesian and Belgian Blue, respectively (in vivo model). Furthermore, 
two separate stress conditions, i.e. heat stress and oxidative stress were mimicked in vitro to 
determine the post-translational modifications of mature ejaculated spermatozoa and the 
effect of these modifications on fertilization, embryo development, and preimplantation 
blastocyst quality.  
 
Sperm cells at spermiogenic and meiotic stages of development are more vulnerable to 
heat stress 
The first important finding of our study was the fact that heat stress effects on 
spermatozoa were highly associated with the developmental phases of the spermatozoa at the 
moment of the insult. Spermatogenesis is a prolonged and highly complex process which 
ultimately results in the formation of specialized cells called spermatozoa. The distinctive 
feature of these cells is acquired during extensive remodeling at different stages of the 
spermatogenic cycle and finally by maturation in the epididymis. Therefore, problems related 
to bull’s fertility or subfertility are considered to be associated with disruption of both the 
testicular and epididymal environments (Fig. 1). Likewise, increased scrotal temperature 
induced by the scrotal insulation model has been shown to induce various types of sperm 
abnormalities depending on the nature and magnitude of the heat stress exposure (Wildeus 
and Entwhistle, 1983; Vogler et al., 1991; 1993; Walters et al., 2005; Fernandes et al., 2008). 
Spermatozoa show varying degrees of abnormalities which are certainly dependent on which 
developmental stage was exposed to the increased testicular temperature.  
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Fig. 1. Hypothetical model: effects of heat stress on sperm cells at different stages of development in 
the seminiferous tubules of testis and reactive oxygen species on epididymis (adapted from Sakkas 
and Alverez, 2010). 
 
Bovine spermatogenesis can generally be divided into three different stages: i) 
spermatocytogenesis, ii) meiosis and iii) spermiogenesis which take on average 61 days 
(Johnson et al., 2000). Therefore, in our study we collected semen up to 9 weeks following 
scrotal insulation to investigate the effect of heat stress on sperm cells at different 
developmental stages of the spermatogenic cycle. Sperm cells which were presumably at the 
stages of spermiogenesis and meiosis during scrotal insult were found to be highly affected as 
indicated by a high percentage of morphological abnormal spermatozoa. In our study, the 
sperm abnormalities, in particular the increased incidence of head abnormalities including the 
nuclear vacuoles at Day 21 of scrotal insulation (35% in HF and 49% in BB bulls; Fig. 2) 
were comparable to previous findings (43% in Vogler et al., 1993 and 29% in Fernandes et 
al., 2008).  
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Fig. 2. Nuclear vacuoles in bovine spermatozoa are indicated by arrow (Phase contrast microscopy; 
1000×, immersion oil) 
The increased incidence of head abnormalities and nuclear vacuoles indicates that 
there might be a perturbed remodeling of sperm chromatin. The timing of appearance of 
sperm abnormalities after scrotal insulation in our data were generally in accordance with 
previously published studies (Table 1), where sperm abnormalities appeared in the ejaculates 
around 15 days of scrotal insulation and did not disappear until 42 days of scrotal insulation. 
Therefore, scrotal insulation seems to have adverse effects mainly on spermiogenesis and 
meiosis stages of sperm cell development. The increased incidence of these sperm 
abnormalities during that specific period is considered to be related to defective protamine-
DNA condensation. In a very recent study in human spermatozoa, it has been reported that 
the presence of normal protamine transcripts and proteins contribute to superior quality of 
spermatozoa, successful fertilization and development of preimplantation embryos (Depa-
Martynow et al., 2012). Protamines have large tracts of positively charged arginine residues 
that neutralize the negative phosphodiester backbone of DNA (reviewed in Balhorn, 1982) 
and results in sperm DNA of a semi-crystalline state which is resistant to nuclease digestion 
(Sotolongo et al., 2003). Mammalian protamines also contain several cysteine residues that 
are thought to confer additional chromatin stability by making intra- and inter-molecular 
disulfide crosslinks termed as S-S bonds. The resulting sperm chromatin structure acquires a 
highly condensed form (Prieto et al., 1997), which is nearly 6-20 times more condensed than 
DNA found in somatic cells (Ward, 2010; Johnson et al., 2011). Hence, the replacement of 
histones by protamines is of the utmost importance for the protection of sperm DNA during 
epididymal maturation and, importantly, during its journey in the female reproductive tract 
(Agarwal and Said, 2003; Jenkins and Carrell, 2012). Protamination thus renders the sperm 
DNA more compact, which is necessary for a safe delivery of the DNA to the oocyte.    
  
Table 1. Timing of appearance of sperm abnormalities in the ejaculates and possible developmental stages of sperm cells which are affected by 
scrotal insulation (SI) of bulls in the published reports. 
Duration  
of SI 
Time in days at which sperm 
abnormalities appear in the 
ejaculates after SI 
Possible stage of spermatogenesis 
which is affected by SI 
References 
48 h 6-23 days Epididymal maturation and 
spermiogenesis 
Wildeus and Entwhistle, 1983 
48 h 12-36  days Spermiogenesis and late meiosis stages Vogler et al., 1991; 1993 
96 h 18-25 days Spermiogenesis Barth and Bowman, 1994 
 
48 h 13-30 days Spermiogenesis and late meiosis stages Acevedo, 2001  
48 h 23-34 days Spermiogenesis and late meiosis stages Walters et al., 2004 
120 h 14-21 days Spermiogenesis Fernandes et al., 2008 
 
72 h 15-38 days Spermiogenesis and late meiosis stages Newton et al., 2009 
48 h 14-42 days Spermiogenesis and late meiosis stages Rahman et al., 2011 
 
Chapter 7  159 
 
Since protamination is such an important aspect of sperm chromatin condensation and 
as we noticed that semen quality was affected during periods of spermatogenesis which are 
most crucial for protamination (Fig. 3), it was our hypothesis that the heat stress affected 
sperm remodeling procedures (protamine-DNA compaction), which resulted in a higher 
incidence of protamine deficiency or loosely protaminated spermatozoa in the ejaculates. In 
chapter 3, we assessed spermatozoa for protamine deficiency in semen collected after scrotal 
insulation by using the Chromomycin A3 (CMA3) staining. This probe binds in the minor 
groove of GC-rich DNA in the absence of protamine and serves as a marker for the efficiency 
of DNA protamination (Simoes et al., 2009; De Iuliis et al., 2009). In our study, we observed 
an increase in protamine deficient spermatozoa especially in the population of spermatozoa 
which were at spermiogenic and meiotic stages of development at the moment of scrotal 
insult (Fig. 7E; Chapter 3). The second major conclusion in this study is that scrotal 
insulation in these particular stages causes defective chromatin protamination in bovine 
spermatozoa. Since this finding has never been described before, it was not possible to 
compare the percentage of heat stress-induced protamine deficient spermatozoa with any 
published reports, but the percentage of protamine deficient spermatozoa in the control 
ejaculates was comparable (0.5-1.0%) to an earlier study performed by Bench et al. (1996).  
 
 
Fig. 3. Sperm cell remodeling events: the heat stress vulnerability (adapted from Gaucher et al., 
2010). The extensive incorporation of histone variants and global hyperacetylation makes open 
chromatin domains containing unstable nucleosomes which are replaced primarily by transition 
proteins and later by protamines. The unstable forms of nucleosomes are vulnerable to heat stress and 
consequently DNA-protamine compaction is affected.  
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Since protamine is related to sperm chromatin condensation, we further hypothesized 
that protamine deficiency or loose protamination will decrease sperm chromatin condensation 
and hence influence head shape to a less compacted structure. One of the objective 
approaches to determine altered sperm chromatin condensation is Fourier harmonic analysis 
(FHA) which can detect changes in the sperm head shape even when it occurs at a very subtle 
level. The FHA uses harmonic amplitudes (HA0 to HA5) for describing the sperm nuclear 
shape or chromatin condensation (Fig. 5; Chapter 3). In our study, significant alteration in 
head shape of the spermatozoa was detected concurrently with the altered protamination, 
which occurred in spermatozoa that were at the spermiogenic and meiotic stages of 
development during heat stress.  The FHA showed that heat stress mostly alters HA0 and 
HA2 that are related to the overall roundness and elongation of the spermatozoa. This means 
that due to heat stress the spermatozoon loses its elongated shape and becomes more rounded. 
In a previous study, elongation of the spermatozoa was found to be positively correlated with 
fertility of bulls, e.g. in bulls with 80% nonreturn rate, the HA2 of the spermatozoa was 1.34 
µm, while in bulls with 68% non-return rate the HA2 was 1.09 µm (Ostermeier et al., 2001). 
Moreover, Siddiqui (2008) reported that elongation of the spermatozoa was related to field 
conception rates, i.e. in bulls with adequate fertility (>50%; pregnancy confirmed by rectal 
palpation at 60-90 days) sperm HA2 was more elongated (1.16 µm), while in bulls with low 
fertility (<50%) sperm HA2 was less elongated (1.06 µm).  
The compacted size and shape of the sperm nucleus is necessary to yield a 
hydrodynamic elongated unique structure. The characteristic elongated sperm head is not 
only predictive of field fertility in bulls but also in Black Bengal bucks (Rahman, 
unpublished data) and of the freezability and the swimming velocity in red deer (Esteso et al., 
2006; Malo et al., 2006; Gomendio et al., 2007). The third important finding in our study is 
that the disruption of proper protamination during spermatogenesis under heat stress 
condition leads to spermatozoa which are less elongated and to ejaculates with reduced field 
fertility.  
It is important that commercial semen producers are aware of the constraints of 
routine semen evaluation tests, which can miss subtle sperm abnormalities at the level of 
proper protamination and chromatin condensation. Our studies have shown that such subtle 
changes can successfully be detected by FHA (in the live spermatozoa of heat-stressed 
ejaculates), which might be a feasible option to be implemented in routine semen analysis. 
Additionally, this technique may also help to estimate the possible withdrawal time required 
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to have sound ejaculates even when breeding bulls are exposed to heat stress only for a short 
period of time. Integration of the FHA technique with other routine semen evaluation tests at 
the commercial semen producing centers could determine subtle changes in the sperm 
chromatin structure, which remain largely unnoticed in routine semen tests. However, field 
fertility trials with heat-stressed spermatozoa identified as subtle changes by FHA technique 
(apparently normal by routine evaluation tests) are recommended before a practical 
implementation of the FHA technique becomes possible.  
 
Heat-stressed bovine spermatozoa show perturbed DNA methylation reprogramming in 
the paternal genome after fertilization 
In the previous paragraphs we have described how, during spermatogenesis, sperm 
chromatin is compacted through replacement of histones by protamines, and how especially 
sperm protamination can be affected by heat stress. The protaminated mature spermatozoon 
is a highly differentiated and transcriptionally silent cell. After fertilization, the mammalian 
zygote is formed and represents a union of two very different sets of chromatin, derived from 
the spermatozoon and the oocyte. The sperm chromatin is structured as a highly compacted 
form; it almost culminates into a crystalline state by making intra- and inter-molecular 
disulfide crosslinks with protamines. Since the condensed chromatin structure protects the 
sperm DNA from chemical and physical damages, inefficient protamination may therefore 
lead to spermatozoa which are prone to DNA damage (Tarozzi et al., 2009; Franco et al., 
2012). In contrast to the protaminated spermatozoon, the oocyte possesses a normal 
nucleosomal structure when oocyte chromosomes are arrested at the second meiotic 
metaphase stage (Perreault, 1992). Like sperm the oocyte’s genome is also transcriptionally 
and translationally silent and highly methylated at the moment of fertilization (Shi and Haaf, 
2002). Methylation involves addition of a methyl group on the carbon 5 position of the 
cytosine and thereby creates 5-methylcytosine (5mC)   (Fig. 4). 
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Fig. 4. Cytosine methylation (me) at carbon 5 position in the double-stranded DNA, which is 
catalyzed by enzymes of DNA methyltransferase (DNMT) family (adapted from 
http://extremelongevity.net).     
 
DNA methylation is, together with histone deacetylation, one of the best-studied 
examples of epigenetic modifications so far; both of which serve to suppress gene expression 
without altering the sequence of the silenced genes (Van Soom et al., 2013). DNA 
methylation is required for genomic imprinting, gene expression regulation, and embryonic 
development (Surani, 1998, Ng and Bird, 1999). Hypermethylation is known to block 
transcription and in contrast hypomethylation facilitates gene activation. Both sperm and 
oocyte methylation patterns are erased and reprogrammed soon after fertilization (Surani et 
al., 2007). In the bovine zygote, DNA in the paternal pronucleus is actively demethylated and 
again remethylated before the two-cell stage (Park et al., 2007). This characteristic pattern of 
DNA methylation reprogramming during the one-cell stage is considered to be a key process 
for normal embryogenesis.   
 
Chapter 7  163 
 
Since the sperm chromatin structural integrity is very important for early embryo 
development, we expected that decreased sperm chromatin condensation may perturb the 
dynamics of DNA methylation reprogramming in the paternal genome during the one-cell 
stage. Our results indicated that soon after fertilization, the paternal genome derived from 
spermatozoa which were exposed to heat stress showed changes in the normal pattern of 
active demethylation (Fig. 2C, Chapter 4). This active demethylation was found to be 
important for expression of the developmentally important Oct4 and Nanog genes in mouse 
embryos (Gu et al., 2011). Likewise, we also observed that the fertilization potential of heat-
stressed spermatozoa was severely reduced in comparison with normal spermatozoa (Fig. 4, 
Chapter 4). Although there are differences in the DNA demethylation pattern in the paternal 
genome among different species, at least passive demethylation is observed in almost all 
species (Table 2). Therefore, DNA demethylation in the paternal genome is considered to be 
highly important for totipotent zygotic development. 
  
Table 2. Paternal DNA methylation pattern during the one-cell stage in different species. 
 
Species DNA methylation pattern during the one-cell stage References 
Rodents Active demethylation  Mayer et al., 2000; Oswald et al., 2000; Santos et al., 
2002; Zaitseva et al., 2007 
Rabbit Partial demethylation followed by remethylation Shi et al., 2004; Silva et al., 2011 
Sheep and pig Passive demethylation Beaujean et al., 2004a; 2004b; Fulka et al., 2006; Hou et 
al., 2008 
Cow and goat Active demethylation followed by de novo methylation Park et al., 2007; Park et al., 2010 
Note: Maternal DNA seems to be protected from active demethylation even at the pronucleus stage, but later, during successive cleavage stages, undergoes a 
passive demethylation process that is coupled to the DNA replication cycle (Mayer et al., 2000; Oswald et al., 2000; Dean et al., 2001).  
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The causes and mechanisms behind the active paternal DNA demethylation are still a 
matter of debate. Previously it was thought that the oocyte cytoplasm provides demethylation 
factors which are specific for the paternal genome (Beaujean et al., 2004). This notion has 
been contradicted since DNA demethylation is not only limited to mammalian zygotes but 
also occurs in other cell types (Metivier et al., 2008; Klug et al., 2010). Morgan et al. (2005) 
reported that active demethylation could either be accomplished by the direct removal of the 
methyl group from 5 carbon position of the cytidine ring (bona fide demethylation) or by the 
removal of the complete cytosine base (indirect demethylation). There was no clear evidence 
for bona fide DNA demethylation until the discovery of 5-hydroxymethylcytosine (5hmC) in 
the mammalian DNA (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009) and the 
corresponding dioxigenases Tet1, Tet2 and Tet3 that catalyze the synthesis of 5hmC. 
Recently, it has been shown in mouse zygotes that the Tet3 enzyme is responsible for 
oxidation of 5mC to 5hmC (Gu et al., 2011). Subsequent immunofluorescence studies also 
revealed that the loss of 5mC signal in the paternal genome after fertilization coincides with 
the appearance of 5hmC that indicates Tet enzyme-mediated oxidation of 5mC to 5hmC 
(Wossidlo et al., 2011; Iqbal et al., 2011). Later, it was reported that Tet enzymes can further 
catalyze the oxidation of 5hmC into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 
No glycosylase has yet been identified that can remove 5hmC but thymine DNA glycosylase 
(TDG) and base excision repair (BER), which are both present in mammalian DNA, can 
effectively remove 5fC and 5caC from DNA (Maiti and Drohat, 2011). Hence, Tet3 is 
possibly the main player for active demethylation in the paternal genome of bovine zygotes 
when we used normal spermatozoa or non-heat-stressed control spermatozoa. However, the 
absence of active demethylation in the paternal pronucleus when we used heat-stressed 
spermatozoa indicates that somehow the Tet3-mediated oxidation is hampered. It is therefore 
possible that, due to inefficient replacement of histones by protamines during heat stress, the 
paternal chromatin possesses higher level of histones and their modified form (H3K9me2, 
dimethylated histone 3 lysine 9) which bound with PGC7 (a small protein) and as such block 
the access of Tet3 (Fig. 5). The cause for the absence of de novo methylation at the end of the 
pronuclear stage is not clear. Several studies reported that DNA methyltransferase (DNMT) 
3a and -3b enzymes are involved in de novo methylation (Okano et al., 1999; Watanable et 
al., 2002; Kato et al., 2007). Therefore, the most likely explanation is that due to perturbation 
of active demethylation at the mid pronuclear stage, DNA methyltransferase 3a and -3b genes 
are not expressed, which results in failure of de novo methylation. However, these hypotheses 
need to be proved by further investigations. 
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Fig. 5. Influence of PGC7 (a small protein) and Tet3 (ten-eleven translocation 3 enzyme) for DNA 
demethylation. A: In the maternal pronucleus, Tet3 cannot oxidize 5-methylcytosine (5mC) to 5-
hyroxymethylcytosine (5hmC) due to the blockage of binding sites by H3K9me2 (dimethyl histone 3 
lysine 9) and PGC7. B: In the paternal pronucleus, Tet3 oxidizes 5mC to 5hmC since the binding sites 
are opened for Tet3. Closed red circles represent methylated CpGs, open circles represent 
demethylated CpGs. 
 
Therefore, we inferred that determination of sperm chromatin alteration, even at a 
subtle level, is of the utmost importance to predict the early embryo developmental potential. 
At this moment, our data support the hypothesis that altered chromatin condensation could 
impede the function of dioxigenase Tet3 or DNMT-3a and -3b which are required for active 
demethylation and de novo methylation, respectively. This finding may be important for 
animals reared in tropical or subtropical conditions where heat stress cannot be avoided. From 
a practical point of view, avoiding heat stress to breeding bulls or discarding ejaculates having 
altered chromatin condensation whenever possible would increase the yield of embryos with a 
high developmental potential. 
 
Bovine spermatozoa react to heat stress in vitro mainly by activating MAPK14 signaling 
pathway 
Mature spermatozoa are transcriptionally and translationally inactive and lack the 
possibility to synthesize de novo proteins. Therefore, post-translational modifications that 
include activation of the signaling transductions seem to be the only way by which 
spermatozoa can react in response to environmental stimuli or external factors. Hence, 
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understanding the post-translational modifications in spermatozoa in response to heat stress 
and the key signaling factors that induce such modifications may be useful for further 
development of relevant counteracting strategies. In our study, we exposed spermatozoa to 
41°C, a characteristic rectal temperature of heat-stressed cows. The post-translational 
modifications were evidenced as increased percentages of spermatozoa with low 
mitochondrial membrane potential, plasma membrane damage and decreased sperm motility. 
These results were in accordance with a number of published reports in which similar 
observations were obtained (Monterroso et al., 1995; Silva et al., 2007; Hendricks et al., 
2009; du Plessis et al., 2010). In addition, we clearly demonstrated that there was a high 
correlation (r = 0.95) between low mitochondrial membrane potential and plasma membrane 
damage in heat-stressed spermatozoa, which can be explained by the fact that sperm plasma 
membrane oxidation starts at the mid-piece (Brouwers and Gadella, 2003), the area where the 
mitochondria are located and consequently decreases both mitochondrial and plasma 
membrane potential (Koppers et al., 2011). In fact, sperm cells possess few intrinsic 
antioxidant defenses, since they shed a majority of their cytoplasm during maturation. 
Therefore, the cytoplasmic function is largely confined to one compartment of the 
spermatozoa, the midpiece. However, the midpiece can do very little for the protection of the 
large area overlying the sperm head and tail. Consequently, both the mitochondrial and 
plasma membrane potential become equally susceptible to extrinsic stimuli. Culture of 
spermatogenic cells in vitro at 32.5°C and 37°C has been reported to produce ROS, which 
induces release of cytochrome c from mitochondria (Ishii et al., 2005). Moreover, incubation 
of mouse spermatozoa in fertilization medium at 37°C is also reported to increase ROS 
production which had negative effects on subsequent embryo development and quality 
(Enkhmaa et al., 2009). In fact, the major sources of ROS are cellular respiration and 
metabolic processes during incubation (reviewed in Brieger et al., 2012). In a very recent 
study, Aitken et al. (2012a) confirmed that the production of ROS during in vitro incubation 
of spermatozoa was of mitochondrial origin. Since incubation of spermatozoa at normal 
temperature is related to ROS production, we inferred that the incubation of spermatozoa at 
heat-stressed temperature induces excessive mitochondrial ROS which intensifies plasma 
membrane damage and compromises sperm function (Fig. 6). Therefore, it is clearly 
evidenced that the mitochondria are the primary site by which spermatozoa react to heat 
stress. However, the signaling pathways responsible for such reaction against heat stress were 
not elucidated yet.  
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Fig. 6. Functional changes induced in heat-stressed spermatozoa are indicated by arrow: a) low 
mitochondrial membrane potential (JC-1; green color), b) plasma membrane damage (Propidium 
Iodide; red color), c) acrosome reaction (FITC-PSA; yellow color) and d) DNA fragmentation 
(TUNEL, bright green color). 
 
In somatic cells, members of the mitogen-activated protein kinases (MAPKs) family 
such as MAPK8 and MAPK14 signaling-transductions are activated in response to a range of 
environmental stresses which promote cell apoptosis and cause growth inhibition (Johnson 
and Lapadat, 2002; Cowan and Storey, 2003; Wada and Penninger, 2004). In germ cells, 
specifically MAPK14 has been recognized as a key signaling mediator for inducing apoptosis 
in response to testicular heat stress in rat (Jia et al., 2009). The activation of MAPK14 
signaling leads to germ cell apoptosis by provoking Bcl2 phosphorylation. Likewise, in our 
study, we hypothesize that similar to germ cell apoptosis, heat stress may activate the 
MAPK14 signaling in spermatozoa and cause sperm death and/or apoptosis by 
phosphorylating mitochondrial Bax, since bovine sperm cells lack Bcl2 (Martin et al., 2007). 
According to our hypothesis, firstly we confirmed MAPK14 phosphorylation in the sperm by 
immunofluorescence investigation using an antibody against phospho-MAPK14. 
Subsequently we inhibited the MAPK14 signaling pathway by a specific pharmacological 
inhibitor SB203580 during heat stress and observed that it can protect the spermatozoa against 
a decrease in sperm motility and it can prevent the occurrence of DNA fragmentation during 
heat stress.  
Upon confirmation of heat-induced MAPK14 phosphorylation and the related sperm 
functional changes, we have illustrated the signaling cascades involved in sperm damage and 
the way of inhibition of these cascades (Fig. 7). However, when heat-stressed spermatozoa 
which were simultaneously exposed to the inhibitor, were used for insemination of oocytes, 
the fertilization potential of these spermatozoa did not increase significantly (P = 0.08). 
Similarly, in vitro culture of the zygotes produced after insemination of oocytes with 
MAPK14 blocked spermatozoa did not result in increased embryo development. The exact 
reason why fertilization or embryo development could not be restored by the inhibitor was not 
completely clear. One possible explanation was that some small amounts of the inhibitor 
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SB203580 remained present in the fertilization medium which could block the oocyte’s 
MAPK14 signaling pathway that is required for further embryo development. However two 
important arguments advocate against this hypothesis: (1) we carefully washed sperm samples 
before insemination of the oocytes and (2) even if some small amounts of SB203580 were 
still present in the fertilization medium, the concentration would have been too small to block 
embryo development to the blastocyst stage since the MAPK and ERK pathways can 
compensate each other in the absence of another pathway (Madan et al., 2005). Therefore, we 
infer that the MAPK14 is the key signaling pathway for heat-stressed sperm damage but other 
pathways possibly MAPK1/8 may also be activated which may have profound inhibitory 
effects on embryo development.  
 
Fig. 7. The signaling pathway involved in bovine ejaculated sperm damage induced by heat-stress in 
vitro and the way of inhibition. The induction of apoptosis/apoptotic-like changes is triggered mainly 
by activating MAPK14 and also possibly by other (MAPK) signaling pathways. Unlike the heat-
induced germ cell apoptosis in rat (Jia et al., 2009), bovine ejaculated sperm cell apoptosis/apoptotic-
like changes occurred through activating Bax since Bcl2 is not detected in bovine sperm cells (Martin 
et al., 2007), leading to subsequent activation of mitochondria-dependent death processes. 
Consequently, low mitochondrial membrane potential, increased plasma membrane damage, increased 
DNA fragmentation and finally decreased sperm motility are manifested. MAPK14 inhibition by a 
specific inhibitor SB203580 can significantly inhibit the downstream signaling cascades. 
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Insemination of large- and medium-sized oocytes with sublethal hydrogen peroxide-
stressed spermatozoa enhanced fertilization and embryo development 
Another stressor for mammalian spermatozoa, besides heat stress, is the exposure to 
reactive oxygen species which generate free radicals. Mammalian spermatozoa are more 
vulnerable to reactive oxygen species (ROS) damage due to the presence of high level of 
polyunsaturated fatty acids (up to 60% of the total fatty acids) in the plasma membrane. 
Hydrogen peroxide is one of the ROS components that has both adverse and beneficial effects 
on sperm function based on the level of exposure (Aitken and Clarkson, 1988; de Lamirande 
and Gagnon, 1993a; 1993b). In a previous study, Silva et al. (2007) reported that direct 
exposure of bovine spermatozoa to low levels (50-100 µM) of H2O2 did not affect sperm 
function whereas 500 µM was detrimental. In our study, we also observed that exposure of 
spermatozoa to 100 µM H2O2 did not have any adverse effect on sperm motility whereas 200-
500 µM was detrimental (Table 1; Chapter 6). Our results were supported by a similar study 
where 50 µM H2O2 had no effect on bovine sperm viability but 200 µM reduced sperm 
viability (Ponj-Rejraji et al., 2009). However, when we used these H2O2-treated spermatozoa 
for in vitro fertilization, we surprisingly observed that 200 µM H2O2-stressed spermatozoa 
significantly increased the fertilization rates as well as blastocyst development (Fig. 2 and 3; 
Chapter 6). Hydrogen peroxide at certain levels (50-200 µM) has been found to enhance the 
process of sperm capacitation in bovine spermatozoa (Silva et al., 2007; Pons-Rejraji et al., 
2009). This is partly explained by the fact that mild levels of H2O2 are probably capable to 
induce sperm capacitation through the redox regulation of tyrosine phosphorylation (Rivlin et 
al., 2004; Silva et al. 2007). The mechanisms of protein tyrosine phosphorylation are involved 
in the stimulation of intracellular cAMP, initiation of tyrosine phosphatase activity and 
modulation of a variety of intracellular signal cascades (Baker et al., 2006; O’Flaherty et al., 
2006; Ponj-Rejraji et al., 2009; Nixon et al., 2010). Another intriguing finding is that 
exposure of spermatozoa to mild oxidative stress relates to the ability of the sperm cells to 
bind to the zona pellucida (Aitken et al., 1989; Kodama et al., 1996). The above studies might 
be the possible explanation for the increased fertilization and embryo development rates 
observed in our study following insemination of oocytes with 200 µM H2O2-treated 
spermatozoa. Previously it was thought that the sperm cell simply has to provide the haploid 
genome to the oocyte after fertilization and that the paternal influence is very minimal or 
absent for further embryo development. However, recent studies revealed that the role of 
spermatozoa is not only limited to fertilization of the oocytes but also supports the initiation 
and maintenance of normal embryogenesis (Robertson et al., 2009;  Aitken et al., 2012a; Liu 
et al., 2012). Likewise, our results suggest that spermatozoa exposed to 200 µM H2O2 
Chapter 7  171 
 
enhance initiation and maintenance of embryo development to the blastocyst stage. Moreover, 
it is likely that the oocyte also has a marked influence on increased fertilization and embryo 
development since the oocyte possesses DNA repairing mechanisms (reviewed in Van Soom 
et al., 2007). It has also been reported that the oocyte possesses the ability to react to changing 
environmental conditions, possibly through RNA binding proteins (RBPs) which are capable 
to regulate mRNA stability (Calder et al., 2008). In this regard, it is also conceivable that 
DNA repairing mechanism or RBPs of the oocytes vary according to the quality of the 
oocytes.  
Oocyte quality can be assessed by a number of techniques (Van Soom et al., 1997; 
Nagano et al., 2006; Feng et al., 2007; Fagundes et al., 2011). Measuring the diameter of the 
zygote after fertilization has repeatedly been shown to be related with developmental 
potential, more specifically it appears that the larger the oocyte, the higher the chances it will 
develop into a blastocyst (Otoi et al., 1997; Vandaele et al., 2007). In chapter 6, we could 
confirm that large- and medium-sized oocytes inseminated with 200 µM H2O2-exposed 
spermatozoa consistently yielded higher blastocyst development rates while small-sized 
oocytes repeatedly failed to develop to the blastocyst stage. Therefore, we inferred that the 
size of the oocytes played a vital role in the higher blastocyst development observed after 
fertilization with H2O2-exposed spermatozoa. Furthermore, blastocyst quality in terms of total 
cell number and apoptotic cell ratio was identical to that of blastocysts generated by control 
spermatozoa. Our results were in accordance with a similar study conducted in goat embryos 
where medium and large oocytes were reported to produce increased blastocysts with a higher 
total cell number and a lower apoptotic cell ratio in comparison with small oocytes (Jimenez-
Macedo et al., 2007). This is probably due to the fact that, until embryonic genome activation, 
early embryo development largely depends on the accumulation of a wide array of mRNAs, 
proteins, substrates and nutrients inside the oocyte (Rodriguez and Farin, 2004; Watson, 
2007). Several studies support the notion that small oocytes possess an insufficient amount of 
these maternal mRNAs and proteins and thus have a compromised capacity for advanced 
embryo development (Fair et al., 2004; Caixeta et al., 2009). Other possible candidate 
molecules might be peroxiredoxins (Leyens et al. 2004) which may be more abundant in large 
oocytes and which are more efficient in scavenging excessive ROS produced during the 
sperm capacitation process or embryo development. Since we demonstrated that large oocytes 
have a much higher chance than small oocytes to reach the blastocyst stage after fertilization, 
categorizing of oocytes according to their diameter would probably increase the efficiency of 
embryo production in assisted reproductive technologies especially when semen quality is 
apparently compromised due to oxidative stress and/or cryopreservation.   
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Possibilities for practical implementation of the study data 
This study signifies that heat stress can induce changes in sperm chromatin and DNA 
methylation, probably of an epigenetic nature which lead sperm abnormalities and low 
fertility. The study data can practically be implemented to avoid wrongful culling of young 
bulls by commercial semen producers. This culling is often based on the increased presence of 
morphologically abnormal spermatozoa which might be due to heat stress exposure. In 
commercial AI centers, such as the CRV, the young bulls (~11 months old) are culled when 
their ejaculates have less than 75% normal spermatozoa (Fig. 8; Frijters et al., 2011). If these 
morphologically abnormal spermatozoa are due to heat stress, then the wrongful culling of 
these young bulls will lead to higher economic losses. There is a higher chance of wrongful 
culling of young BB bulls since this breed is more susceptible to heat stress. Although no 
published reports have yet been available, this problem may also occur in Bangladesh since 
the bulls are prone to suffer from heat stress. When heat stress is suspected even for a shorter 
period of time, a prolonged testing period for young bulls should be considered to prevent 
unreasonable and early culling of valuable bulls. This will optimize profitability of the 
breeding station, notwithstanding the extra costs for the prolonged testing period. 
 
 
Fig. 8. Cumulative frequency for morphology scores before freezing (11453 scores from 2065 bulls, 
determined between November 2003-October 2010 in CRV bull station, The Netherlands) (Frijters et 
al., 2011).  
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In addition, regular semen collection in bulls having a chance of being exposed to 
increased scrotal temperature (~2°C) would be a matter of concern for bull stations. In such 
conditions this study results can help to analyze more carefully which ejaculates are 
susceptible to heat stress. Although the adverse effect of heat stress on semen quality is not 
noticed immediately, ejaculates collected between 3-6 weeks after the insult can be a big 
concern for field fertility. When the heat stress cannot be avoided, even by proper cooling 
systems in the stable of breeding bulls located especially in tropical or subtropical countries, 
stopping of semen collection until the stress removal would be a practical solution.         
 
Conclusions 
• Breeding bulls subjected to increased testicular temperature by scrotal insulation 
augment sperm abnormalities in the ejaculates in the two to three weeks following the 
stress but subtle changes in the sperm chromatin remain present for a longer period of 
time even up to nine weeks, which cannot be determined by routine semen evaluation. 
• Breeding bulls subjected to scrotal heat stress show highly affected sperm cells which 
were presumably at spermiogenic and meiotic stages of development; a lower 
protamination of these spermatozoa was partially responsible for the subtle changes in 
chromatin condensation, which could clearly be shown by Fourier Harmonic Analysis 
technique.  
• In vitro fertilization of oocytes with altered chromatin condensed spermatozoa 
perturbs the dynamic DNA methylation reprogramming in the paternal pronucleus 
which could be responsible for the observed reduction in fertilization rates.  
• Exposure of spermatozoa to heat stress in vitro results in activation of the mitogen-
activated protein kinase (MAPK) 14 signaling pathway which, in turn, reduces 
fertilization, embryo developmental potential and preimplantation blastocyst quality. 
• Bovine in vitro embryo development is predominantly determined by oocyte quality 
even after insemination with spermatozoa that were exposed to sublethal levels of 
hydrogen peroxide. 
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Ejaculates collected from bulls during summer under tropical or subtropical conditions 
are often reported as having a low fertilization potential. Moreover, in periods of heat stress, 
the sperm’s fertilization potential is further compromised even after insemination in the cow’s 
reproductive tract. Consequently, under heat stress conditions the field fertility of ejaculates is 
severely affected. In Chapter 1, this thesis emphasizes heat stress as one of the important 
limiting factors for lower conception rate in cattle after artificial insemination in tropical 
countries such as Bangladesh, where both sires and dams are almost continuously exposed to 
heat stress. In order to get a better insight into the topic, bovine spermatogenesis and testicular 
thermoregulation are discussed in-depth. Additionally, literature on the effects of high 
ambient temperature and induced testicular temperature on sperm cells and their 
consequences on fertilization and embryo development has been reviewed.  
The main aim of this thesis (Chapter 2) was to assess heat stress effects on bovine 
spermatozoa and to analyze the consequences for in vitro fertilization, embryo development 
and blastocyst quality. This was first investigated in an in vivo model by inducing scrotal 
insulation in bulls to mimic increased testicular temperature. For further investigation of post-
translational modifications of spermatozoa that may happen in the reproductive tract of a cow 
suffering from heat stress, an in vitro heat stress environment was created for ejaculated 
spermatozoa and evaluated accordingly. In a second in vitro model, spermatozoa were 
exposed to oxidative stress too and evaluated further.  
Chapter 3 of this thesis describes which stages of spermatogenesis are more 
susceptible to heat stress (in vivo model). To this end, semen samples were collected at 
weekly intervals throughout the spermatogenic cycle after scrotal insulation of bulls of two 
breeds, Holstein-Friesian and Belgian Blue. Conventional sperm evaluation techniques 
showed a drop in semen quality at week 2 to 6 after scrotal insulation, and this coincided with 
the time at which sperm is normally protaminated during spermatogenesis. Consequently 
protamine deficiency was determined by a specific marker, Chromomycin A3 (CMA3) and 
altered chromatin condensation in sperm was identified by means of Fourier Harmonic 
Analysis (FHA). We observed that the heat stress predominantly affected sperm cells at the 
spermiogenic and meiotic stages of development. Moreover, the sperm abnormalities which 
were evident were, at least in part, related to inefficient DNA-protamine condensation. In this 
respect, Belgian Blue bulls were more susceptible to heat stress in comparison with Holstein-
Friesian bulls.  
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In Chapter 4, the role of heat-stressed spermatozoa (by scrotal insulation) in the 
dynamic DNA methylation reprogramming after fertilization was studied in vitro. The results 
indicate that heat-stressed spermatozoa perturbed the dynamic DNA methylation 
reprogramming in the paternal pronucleus, i.e. disordered the active demethylation followed 
by de novo methylation patterns during one-cell stage. In addition, there was a tendency for a 
decreased size of both paternal and maternal pronuclei developed after fertilization with heat-
stressed spermatozoa at 24 hpi, possibly leading to lower fertilization rates.  
In Chapter 5, it was investigated whether post-translational modifications without any 
de novo protein synthesis happened in bovine spermatozoa in response to heat stress. Heat 
stress was found to severely affect sperm functional parameters which, in turn, compromised 
subsequent fertilization, embryo development and preimplantation blastocyst quality. 
Immunofluorescence investigation revealed that the mitogen-activated protein kinase 
(MAPK) 14 was the key signaling pathway for heat stress-induced post-translational 
modifications of spermatozoa. Blockage of the MAPK14 signaling by using a specific 
pharmacological inhibitor (SB203580) protected MAPK14 phosphorylation, sperm motility 
and DNA fragmentation in semen exposed to heat stress but could not restore fertilization 
capacity of spermatozoa treated as such.      
In Chapter 6, we showed that oxidative stress imposed upon spermatozoa by direct 
exposure to hydrogen peroxide at sublethal levels can augment fertilization and embryo 
development in vitro. In this study we, for the first time, adapted a modified TUNEL staining 
in bovine spermatozoa which resulted in a superior technique for the determination of sperm 
DNA fragmentation. The role of oocyte quality following insemination with spermatozoa 
exposed to sublethal levels of hydrogen peroxide was further investigated since the oocyte 
possesses antioxidants and DNA repairing mechanisms. The data revealed that large- or 
medium-sized oocytes can significantly increase embryo development whereas small oocytes 
consistently fail. The incompetence of small oocytes to develop to embryos after fertilization 
with spermatozoa exposed to sublethal levels of hydrogen peroxide is possibly related to a 
lower stockpile of mRNA, proteins, and peroxiredoxins in comparison with large- and 
medium-sized oocytes. 
 
The general discussion and conclusions are presented in Chapter 7. 
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From the results described in this thesis, the following conclusions can be drawn: 
• Breeding bulls subjected to increased testicular temperature by scrotal insulation 
augment sperm abnormalities in the ejaculates in the two to three weeks following the 
stress but subtle changes in the sperm chromatin remain present for a longer period of 
time even up to six weeks, and cannot be determined by routine semen evaluation. 
• Breeding bulls subjected to scrotal heat stress show highly affected sperm cells which 
were presumably at spermiogenic and meiotic stages of development; a lower 
protamination of these spermatozoa was partially responsible for the subtle changes in 
chromatin condensation, which could clearly be shown by Fourier Harmonic Analysis 
technique.  
• In vitro fertilization of oocytes with altered chromatin condensed spermatozoa 
perturbs the dynamic DNA methylation reprogramming in the paternal pronucleus 
which could be responsible for the observed reduction in fertilization rates.  
• Exposure of spermatozoa to heat stress in vitro results in activation of the mitogen-
activated protein kinase (MAPK) 14 signaling pathway which, in turn, reduces 
fertilization, embryo development and preimplantation blastocyst quality. 
• Bovine in vitro embryo development is predominantly determined by oocyte quality 
even after insemination with spermatozoa that were exposed to sublethal levels of 
hydrogen peroxide.  
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Stieren die leven onder tropische of subtropische omstandigheden produceren tijdens de 
zomer vaak ejaculaten met een verminderd bevruchtend vermogen. Bovendien wordt het 
bevruchtend vermogen van sperma tijdens periodes van hittestress verder aangetast na 
kunstmatige inseminatie omdat de spermacellen nog een lange tocht moeten afleggen door de 
geslachtstractus van de koe. Bijgevolg is de in vivo fertiliteit van ejaculaten na hittestress sterk 
aangetast. In Hoofdstuk 1 van deze thesis wordt het belang van hittestress benadrukt als een 
van de belangrijkste oorzaken voor lagere drachtigheidspercentages na kunstmatige 
inseminatie bij runderen in tropische landen zoals Bangladesh, waar zowel stieren als koeien 
bijna continu blootgesteld zijn aan hittestress. 
 Om een beter inzicht te krijgen in dit onderwerp, worden eerst de spermatogenese en 
de testiculaire thermoregulatie bij de stier grondig besproken. Verder wordt de huidige 
literatuur omtrent de effecten van de omgevingstemperatuur en van een geïnduceerde 
verhoogde testiculaire temperatuur op spermacellen en de gevolgen ervan voor de bevruchting 
en verdere embryonale ontwikkeling besproken.  
De belangrijkste doelstelling van deze thesis (Hoofdstuk 2) was het effect beoordelen 
van hittestress op de spermacellen van de stier en de gevolgen ervan te analyseren voor in 
vitro fertilisatie, embryonale ontwikkeling en blastocystkwaliteit. Dit werd eerst onderzocht 
aan de hand van een in vivo model waarbij scrotale insulatie bij stieren werd uitgevoerd om 
een verhoogde testiculaire temperatuur na te bootsen. Om bij de spermacellen de 
posttranslationele veranderingen te beoordelen, die kunnen optreden in het geslachtsstelsel 
van koeien die onderhevig zijn aan hittestress, werd in vitro een omgeving van hittestress 
gecreëerd voor geëjaculeerde spermacellen. In een tweede in vitro model werden 
spermacellen ook blootgesteld aan oxidatieve stress en verder onderzocht.  
Hoofdstuk 3 beschrijft welke ontwikkelingsstadia van de spermatogenese het meest 
gevoelig zijn aan hittestress (in vivo model). Hiervoor werden wekelijks spermastalen 
verzameld na scrotale insulatie van stieren van twee verschillende rassen (namelijk Holstein-
Friesian en Belgisch Witblauw) en dit tijdens de volledige periode van de spermatogenese. De 
conventionele sperma-onderzoekstechnieken toonden een daling in de spermakwaliteit 2 tot 6 
weken na scrotale insulatie; dit komt overeen met een specifieke periode tijdens de 
spermatogenese waarbij spermacellen normaal protaminatie ondergaan. Bijgevolg werd een 
mogelijk tekort aan protamine beoordeeld d.m.v. de specifieke merker Chromomycin A3 
(CMA3) en de gewijzigde chromatinecondensatie in spermacellen werd beoordeeld aan de 
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hand van Fourier Harmonic Analysis (FHA). Hieruit bleek dat hittestress voornamelijk die 
spermacellen aantastte die in de spermiogene en meiotische ontwikkelingsstadia waren. 
Bovendien bleek dat de sperma-abnormaliteiten op zijn minst gedeeltelijk gerelateerd waren 
aan een onvoldoende DNA-protaminecondensatie. De Belgische Witblauwe stieren bleken 
bovendien meer gevoelig te zijn aan hittestress dan de Holstein-Friesianstieren.  
In Hoofdstuk 4 werd de invloed van spermacellen die onderhevig waren aan 
hittestress bestudeerd wat de DNA methylatie herprogrammering na in vitro fertilisatie 
betreft. De resultaten toonden aan dat spermacellen na hittestress de dynamische DNA 
methylatie herprogrammering in de paternale pronucleus aantastten, d.i. ze verstoorden de 
actieve demethylatie en de de novo methylatiepatronen tijdens het eencellig stadium. 
Bovendien was er een trend voor een verminderde grootte van zowel de paternale als de 
maternale pronuclei die gevormd werden na fertilisatie met spermacellen die onderhevig 
waren aan hittestress met  lagere fertilisatiepercentages tot gevolg.  
In Hoofdstuk 5 werd onderzocht of er posttranslationele wijzigingen zonder de novo 
proteïnesynthese optraden in runderspermacellen als reactie op hittestress. Hittestress bleek de 
functionele spermaparameters sterk aan te tasten die op hun beurt de fertilisatie, embryonale 
ontwikkeling en de preïmplantatie blastocystkwaliteit negatief beïnvloedden. Onderzoek aan 
de hand van immunofluorescentie toonde aan dat MAPK14 de belangrijkste pathway was 
voor hittestress geïnduceerde posttranslationele wijzigingen van spermacellen. Blokkering 
van de MAPK14 pathway door gebruik te maken van de inhibitor SB203580 beschermde de 
spermamotiliteit en DNA fragmentatie van spermacellen die waren blootgesteld aan 
hittestress maar kon het fertiliserend vermogen van spermacellen niet herstellen.      
In Hoofdstuk 6 werd aangetoond dat oxidatieve stress die spermacellen ondergaan 
door directe blootstelling aan sublethale concentraties van waterstofperoxide hun in vitro 
fertiliserend vermogen en hun vermogen om embryo’s te vormen kan verhogen. In deze 
studie werd bovendien voor het eerst de gewijzigde TUNEL-kleuring gebruikt bij 
rundersperma wat een betrouwbaardere techniek bleek te zijn voor het beoordelen van DNA-
fragmentatie in spermacellen. De rol van de eicelkwaliteit na inseminatie met spermacellen 
die blootgesteld waren aan sublethale concentraties van waterstofperoxide werd verder 
onderzocht. De resultaten toonden aan dat middelmatig en grote eicellen de embryonale 
ontwikkeling significant konden verbeteren; dit in tegenstelling tot kleine eicellen. De 
onmogelijkheid van kleine eicellen om te ontwikkelen tot embryo’s na fertilisatie met 
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spermacellen die blootgesteld zijn aan sublethale concentraties van waterstofperoxide is 
mogelijk te wijten aan een geringere reserve aan mRNA, proteïnen en peroxiredoxines in 
vergelijking met middelmatig en grote eicellen. 
 
De algemene bespreking en conclusies van deze thesis worden weergegeven in Hoofdstuk 7. 
 
Uit de resultaten  beschreven in deze thesis kunnen de volgende conclusies getrokken worden: 
• Fokstieren die blootgesteld worden aan een verhoogde testiculaire temperatuur na 
scrotale insulatie vertonen meer abnormaliteiten in het ejaculaat ongeveer twee tot drie 
weken na de hittestress maar meer subtiele veranderingen in het spermachromatine 
blijven gedurende een langere periode aanwezig (tot zes weken). Deze subtiele 
veranderingen kunnen echter niet beoordeeld worden aan de hand van een routine 
sperma-onderzoek. 
• Fokstieren die blootgesteld worden aan scrotale hittestress hebben sterk aangetaste 
spermacellen voornamelijk tijdens de spermiogene en meiotische ontwikkelingsstadia; 
een lagere protaminatie van deze spermacellen was gedeeltelijk verantwoordelijk voor 
de subtiele veranderingen in de chromatinecondensatie wat duidelijk kon aangetoond 
worden aan de hand van de Fourier Harmonic Analysetechniek.  
• In vitro fertilisatie van eicellen met spermacellen met gewijzigde 
chromatinecondensatie verstoort de dynamische DNA methylatie herprogrammatie in 
de paternale pronucleus wat verantwoordelijk is voor verlaagde fertilisatiepercentages.  
• Blootstelling van spermatozoa aan in vitro hittestress resulteert in activatie van de 
proteïnekinase (MAPK) 14 pathway die op zijn beurt de fertilisatie, embryonale 
ontwikkeling en preïmplantatie blastocystkwaliteit vermindert. 
• In vitro embryo ontwikkeling bij het rund, na bevruchting met spermatozoa die 
werden blootgesteld aan sublethale concentraties van waterstofperoxide, wordt 
voornamelijk bepaald door de eicelkwaliteit.  
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